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CONFIDENTIAL 


I  ; 

SUMMARY  i 

t 

« 

(u)  An  applied  research  and  exploratory  development  program  was  conducted  j 
to  evaluate  the  bipropellant  gas  generator  concept  for  air  augmentation  appli-  ; 

cations.  The  fuel  used  was  MARNAF  731^  a  high  concentration  (735^)  boron  slurry,  ■ 
and  the  oxidizers  evaluated  were  chlorine  trifluoride  and  bromine  pentaf luoride .  \ 

i 

The  program  was  conducted  in  two  phases.  The  first  phase  concerned  the  develop-  ] 
ment  of  the  primary  gas  generator  and  the  second  phase  consisted  of  a  series  of 
direct  connect  air  augmentation  tests.  ; 

(C)  Although  problems  of  deposit  buildup  were  encountered,  the  successful  ;j 

development  of  a  small  sceile  gas  generator  was  accomplished  under  Phase  I.  1 

-1 

Secondary  combustor  ignition  limits  and  combustion  performance  were  demonstrated  ^ 
under  Phase  II.  Testing  was  conducted  over  a  range  of  altitude  conditions  from 
sea  level  to  140,000  feet  at  a  nominal  Mach  number  of  2.8  to  2.9*  The  results, 
indicate  that  autoignition  in  the  secondary  combustor  can  be  expected  to  occur 
at  all  primary  o/F  ratios  greater  than  0.20.  Performance  achieved  with  CTF  and 
EBP  was  essentially  the  same.  Under  low  altitude  conditions,  combustion  effi¬ 
ciencies  above  90?^  were  demonstrated  at  o/f  ratios  as  low  as  0.06  at  an  air-to- 
propellant  ratio  of  40.  At  40,000  feet  simulated  eLLtitude,  an  efficiency  of 
8o;^  was  demonstrated  at  an  O/F  ratio  of  0.20  and  an  air-to-propellant  ratio  of 
20.  At  essentially  a  given  o/f  ratio,  a  throttling  capability  of  about  6:1  was 
demonstrated. 

(c)  Hardware  durability  of  the  final  design  was  excellent  as  was  demon¬ 
strated  by  a  l60  second  duration  run.  Design  criteria  for  the  bipropellant 
gas  generator  concept  for  air  augmentation  has  been  established  and  the  propel¬ 
lant  combination  MARNAF  731  and  CTF  (or  BEP)  appears  to  be  an  ideal  choice  for 
ducted  rocket  applications. 
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II 

INTRODUCTION 

(C)  In  recent  years,  effort  has  been  expended  by  various  govern¬ 
mental  agencies  to  investigate  improved  propulsion  systems  or  combinations 
of  propulsion  systems  for  high  speed  missile  applications.  One  area  of  in¬ 
vestigation  has  centered  around  engines  for  volume-limited  tactical  missiles. 
Solid  propellant  rocketry  has  long  dominated  the  tactical  missile  field; 
however,  in  recent  years  other  propulsion  systems  such  as  liquid  rockets 
and  ramjets  have  and  are  being  investigated.  Liquid  rockets  readily  offer 
more  flexibility  than  solid  motors,  but  both  systems  inherently  have  re¬ 
latively  low  levels  of  specific  impulse.  This  level  generally  falls  between 
250  and  325  seconds.  On  the  other  hand,  airbreathers ,  particularly  ramjets, 
have  much  higher  fuel  specific  impulses  of  1000  to  2000  seconds  with  storable 
fuels,  but  suffer  from  lower  thrust-to-weight  ratios,  narrower  flight  corridors 
low  thrust  coefficients  at  flight  speeds  below  Mach  1.0,  and  may  have  limited 
performance  at  high  altitude. 

(U)  To  overcome  these  shortcomings,  considerable  interest  has 
recently  been  expressed  by  various  agencies  to  investigate  combined  rocket- 
ramjet  powerplants,  trying  to  combine  the  best  features  of  each.  One  area 
of  interest  being  investigated  has  been  termed  "air  augmentation,"  using 
what  are  known  as  air-augmented  rockets.  In  principle,  air-augmented  rockets 
offer  the  promise  of  significant  increases  in  specific  impulse.  Some  in¬ 
crease  is  the  result  of  primary  mass  addition  to  the  secondary  air  stream. 
Greatest  gains  are  achieved,  however,  when  significant  heat  addition  or  com¬ 
bustion  in  the  secondary  stream  occurs. .  This  type  is  generally  referred  to 
as  the  ducted  rocket.  Use  of  the  oxygen  in  the  air  stream  obviously  permits 
a  much  larger  overall  heat  release  in  the  system.  Generally,  those  that 
operate  appreciably  fuel-rich  in  the  primary  combustor  offer  the  greatest 
specific  impulse  potential,  because  substantial  further  oxidation( com¬ 
bustion)  can  occur  in  the  secondary  chamber. 

(C)  A  number  of  potential  propellants  have  been  considered  for 
air-augmented  rockets  and  recently  the  following  have  been  under  active 
investigation : 


-3- 

CONFIDENTIAL 


CONFIDENTIAL 


1.  Solid  (fuel-rich)  propellant  system 

2.  Hybrid  (fuel-rich  solid  with  liquid  interhalogen 
oxidizer)  system 

3.  Bipropellant  liquid  system. 

(C)  A  feasibility  demonstration  program  on  the  latter  concept 
is  the  subject  of  this  report.  Of  the  possible  propellants  for  the  bi¬ 
liquid  system,  one  combination  which  has  great  merit,  because  of  the  un¬ 
usually  high  heat  of  combustion  of  the  fuel,  is  the  boron  slurry/chlorine 
trifluoride  (CTF)  system  operated  under  very  fuel-rich  conditions.  In  the 
very  fuel-rich  mode  of  operation  the  boron  slurry/CTF  rocket  system  has  more 
of  the  characteristics  of  a  gas  generator  than  of  a  thrust-producing  rocket. 
When  employed  for  air  augmentation,  it  can  provide  the  following  payoffs: 

a.  Extremely  flexible  thrust  pattern  capability  from 

a  single  propulsion  system,  as  obtained  from  a  con¬ 
trollable  fuel  flow  rate. 

b.  Operational  ranges  greater  than  those  of  solid-grain 
sustainer  systems. 

c.  Inherent  relight  capability  because  of  its  bipropellant 
nature . 

d.  Potentially  higher  combustion  efficiencies  at  high  altitudes 
with  its  preheated  fuel  as  compared  with  ramjets. 

e.  Minimization  of  ramjet  burner  drag. 

f.  Elimination  of  the  dependency  of  the  solids  sustainer 
burn  rate/mass  flow  upon  propellant  bulk  temperature  and 
operating  pressures. 

Because  of  these  potential  payoff's,  this  exploratory  development  program  was 
conducted. 
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III 

PROGRAM  OBJECTIVES 

(C)  The  overall  objective  of  this  exploratory  development  pro¬ 
gram  was  to  demonstrate  the  feasibility  of  a  fuel-rich  boron  slurry- in¬ 
terhalogen  oxidizer  gas  generator  for  air-augmented  rocket  propulsion 
applications.  This  program  was  to  be  conducted  in  two  phases.  The  first 
phase  concerned  the  development  and  evaluation  of  the  gas  generator  proper 
and  the  second  phase  consisted  of  direct  connect  air  tests  to  evaluate  the 
secondary  air-gas  generator  exhaust  combustion  characteristics.  The  first 
phase  was  to  be  conducted  with  73^  boron  slurry  (MARNAE  731)  fuel  and 
chlorine  trifluoride  oxidizer.  The  second  phase  was  to  be  conducted  pri¬ 
marily  with  MARNAE  731  and  chlorine  trifluoride  but  limited  testing  was  to 
be  conducted  using  bromine  pentafluoride  as  the  oxidizer.  The  bulk  of  the 
second  phase  testing  would  be  conducted  under  simulated  low  altitude  con¬ 
ditions  but  with  limited  testing  under  high  altitude  conditions.  These  tests 
were  intended  to  supply  information  to  determine  the  feasibility  and  potential 
of  the  bipropellant  gas  generator  concept  and  also  to  provide  information  for 
the  Air  Eorce  to  permit  a  comparison  between  this  concept,  the  solid  pro¬ 
pellant,  and  the  hybrid  propellant  gas  generator. 

(C)  The  specific  objectives  are  summarized  as  follows; 

Phase  I  -  Demonstrate  the  feasibility  of  a  fuel-rich 
boron  slurry/CTF  gas  generator  suitable  for 
air-augmented  rocket  applications. 

Phase  II-  Demonstrate  the  air  augmentation  performance 
of  the  fuel-rich  gas  generator  by  determining 
afterburner  combustion  efficiency  euid  determin¬ 
ing  the  minimum  primary  O/E  ratio  for  after¬ 
burner  autoignition. 
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IV 

GAS  GENERATOR  DEVELOB€EMT 

REQUIREMENTS 

(U)  The  boron  slurry/CTF  gas  generator  can  provide  a  high  heating  value 
per  pound  of  propellant,  when  operated  in  the  very  fuel-rich  mode,  for  combus¬ 
tion  of  the  exhaust  products  in  air.  Therefore,  it  becomes  of  interest  to 
consider  its  utilization  for  air  augmented  rockets.  The  heating  value  advantage 
of  the  boron  slurry/CTF  system,  over  other  less  energetic  fuel-rich  propellants, 
is  a  function  of  the  O/f  ratio  within  the  generator.  The  generator  must  provide 
an  exhaust  stream  which  is  of  a  composition  suitable  for  efficient  burning  in 
air.  The  fuel  under  consideration  is  MARNAF  731^  which  is  described  in  Appendix 
B.  The  theoretical  heating  value  as  a  function  of  o/F  is  presented  in  Figure  1.* 
For  comparison  the  heating  value  of  a  solid  propellant  air  augmentation  system 
using  a  51?^  loaded  boron  propellant  is  1.66  x  10  Btu/ff^  or  l6,100  Btu/lb. 

Other  factors  such  as  packaging  density,  propellant  flow  rate  controls  and 
afterburner  combustion  efficiency  also  must  be  considered  when  comparing  the 
several  types  of  gas  generators  for  air  augmentation  systems.  The  boron  slurry/ 
CTF  gas  generator  exhaust  temperature  increases  with  o/f  ratio  in  the  manner 
shown  in  Figure  2.  In  application,  the  O/F  ratio  should  be  sufficiently  high 
to  permit  spontaneous  ignition  of  the  exhaust  products  when  mixed  with  air. 
Analytical  studies  predicted  that  the  principal  gaseous  fuels  present  in  the 
gas  generator  combustion  products  should  consist  of  hydrogen  and  methane.  These 
gases  should  contribute  to  the  spontaneous  initiation  of  combustion  with  air 
in  the  lower  range  of  o/F  ratios.  The  resultant  increase  in  temperature  of 
the  mixture  through  combustion  of  the  gases  should  raise  the  solid  species, 
boron  and  carbon,  to  their  ignition  points. 

(U)  The  oxidizer/fuel  ratios  under  investigations  ranged  nominally  from 
0.1  to  0.5  at  chamber  pressures  ranging  from  200  psi  to  1000  psi.  This  range 
could  be  extended  below  0.1,  if  warranted  by  spontaneous  ignition  data.  The 
maximum  O/F  ratio  of  interest  would  be  that  beyond  which  there  is  no  appreci¬ 
able  improvement  in  combustion  efficiency.  Maximum  performance  therefore 
corresponds  to  a  trade-off  between  minimum  oxidizer  utilization  and  maximum 

*These  heating  values  were  calculated  on  the  basis  of  ideal  heat  release  of 
each  constituent  of  the  gas  generator  effluent  to  stoichiometric  products 
at  room  temperature,  the  same  as  heating  value  for  slurry  alone. 
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Figure  2 

EFFECT  OF  OXIDIZER/FUEL  RATIO  UPON  EQUILIBRIUM  GAS  TEMPERATURE 

IN  GAS  GENERATOR 
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combustion  efficiency.  The  air  augmented  rocket  test  program  was  oriented 
toward  obtaining  data  from  which  the  operating  regime  for  maximum  performance 
could  be  determined  at  each  of  two  simulated  flight  conditions,  corresponding 
to  Mach  2.9  at  sea  level  and  Mach  2.8  at  40,000  ft. 

(c)  The  most  important  basic  requirements  upon  the  design  of  a  gas 
generator  for  application  to  air  augmentation  are  as  follows: 

a.  The  ability  to  satisfy  the  propellant  flow  rate  and  o/f 
ratio  requirements. 

Since  the  operational  envelope  of  an  air  augmented  propul¬ 
sion  system  ranges  from  sea  level  to  high  altitude,  the  primary  combustor 
must  be  capable  of  throttling  its  propellant  flow  to  meet  specific  flight 
requirements  over  this  altitude  range.  As  altitude  is  increased,  the  ability 
to  ignite  and  burn  the  fuel-rich  exhaust  in  the  secondary  air  begins  to 
deteriorate,  so  it  may  become  necessary  to  increase  the  temperature  of  the 
gas  generator  exhaust  in  order  to  improve  combustion  efficiency  in  the  after¬ 
burner.  This  can  be  accomplished  by  increasing  the  propellant  o/F  ratio. 

Since  both  flow  rate  and  o/F  ratio  changes  are  accompanied  by  changes  in 
chamber  pressure  level  and  propellant  injection  velocity,  the  gas  generator  must 
be  designed  to  accommodate  these  changes  while  maintaining  adequate  performance. 

b.  The  production  of  a  primary  exhaust  stream  containing  well 
dispersed  elementary  particles  of  boron. 

The  achievement  of  a  high  combustion  efficiency  in  the  second¬ 
ary  combustor  is  dependent  directly  upon  the  state  of  the  boron  in  the  primary 
exhaust.  Based  upon  previous  ramjet  experience,  if  the  boron  particles  from 
the  MARKAF  731  fuel  maintain  their  average  size  of  about  0.8  microns  throughout 
the  primary  combustion  process,  then  complete  combustion  in  the  secondary  air 
flow  should  readily  be  achieved.  If,  however,  the  primary  exhaust  contains 
large  agglomerates  of  particles,  the  combustion  efficiency  may  be  severely 
degraded  because  of  the  greater  ignition  delays  and  longer  combustion  times  of 
the  agglomerated  particles. 

c.  The  ability  to  operate  continuously  for  relatively  long  dura¬ 
tions  in  an  uncooled,  flight  conf igurati.on. 

The  most  severe  operational  environment  for  the  primary  com¬ 
bustor  would  likely  be  that  corresponding  to  Mach  2.9  sea  level  because  the 
mass  flow  rate  and  therefore  pressure  and  erosion  rates  are  highest  at  that 
condition . 
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As  the  horon  slurry  is  unsatisfactory  for  regenerative  cooling,  and  the 
chlorine  trifluoride  flow  rate  and  heat  capacity  are  too  small  for  cooling, 
an  uncooled  gas  generator  appears  to  be  necessary.  An  objective  of  this 
program  was  a  150  second  run  with  an  uncooled  gas  generator. 

d.  The  ability  to  operate  without  appreciable  formation  of  depo¬ 
sits  in  the  c’  -imber. 

The  gas  generator  should  be  capable  of  deposit-free  operation 
for  durations  ranging  upward  to  150  seconds.  The  occurrence  of  deposits  with¬ 
in  the  chamber  which  increase  with  time  becomes  unacceptable  for  flight  type 
combustors . 

B.  THEORETICAL  STUDIES 

(u)  One  notable  advantage  of  the  propulsion  cycle  under  investigation 
is  its  capability  of  achieving  spontaneous  ignition  of  the  fuel  rich  exhaust 
of  the  gas  generator  in  the  afterburner.  The  spontaneous  ignitability  of  the 
gas  generator  effluent  is  dependent  upon  (l),  an  effluent  equilibrium  tempera¬ 
ture  sufficiently  high  to  result  in  ignition  of  the  combustible  gases  when 
mixed  with  air,  or  (2)  the  presence  of  a  sufficient  concentration  of  free 
radicals  in  the  effluent,  as  a  result  of  nonequilibrium  combustion  in  the 
gas  generator,  to  initiate  the  combustion  process  in  the  afterburner.  The 
latter  process  is  the  one  more  likely  to  occur,  and  indeed,  is  the  preferred 
process,  as  it  could  result  in  ignition  at  lower  effluent  temperatures  and 
therefore  lower  O/F  ratios  than  would  otherwise  be  possible.  It  therefore 
was  of  interest  to  investigate  analytically  the  concentration  of  free  radicals 
as  a  function  of  time  by  means  of  the  Marquardt  finite  kinetic  computer  program, 
FIFEK.  The  resulting  data  would  be  useful  in  guiding  the  direction  and  inter¬ 
pretation  of  the  experimental  effort. 

(U)  The  free  radicals  in  the  effluent  from  the  gas  generator  would 
result  from  pyrolysis  of  the  trimethylhexane  As  it  was  desirable  to 

simplify  the  chemical  system  for  computer  analysis  the  boron  and  chlorine  tri¬ 
fluoride  constituents  were  deleted,  for  these  would  not  contribute  appreciably 
to  the  free  radical  concentration.  Even  with  this  simplification,  therf::i 
remained  a  total  of  II38  chemical  reactions  which  could  lippeai-  in  the  pyroly¬ 
sis  of  to  carbon  and  hydrogen.  Reaction  rate  constants  were  generated 

for  these  reactions  by  the  GENCOM  computer  program  utilizing  Marquardt 's  IBM 
system  36o/40  computer.  These  reactions  were  then  incorporated  in  sets  of 
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150  into  the  FIKEK  program,  vhich  was  run  on  the  IBM  709O  computer  at  the  Air 
Force  Rocket  Propulsion  Laboratory  (150  reactions  comprise  the  limit  for  the 
FIREK  program).  The  insignificant  reactions  were  then  discai;ded  in  a  series 
of  computer  rui^s.  This  screening  process  resulted  in  an  apparent  basic  set 
of  89  reactions  which  would,  be  needed  to  describe  the  pirrolysis  of 

(U)  Carrj'-^ing  bhrough  the  pyrolysis  process  with  the  prescribed  set  of 
reactions  for  an  initial  temperature  range  of  l600°F  to  2500°F  indicated  a 
strong  effect  of  initial  temperature  on  both  rate  and  extent  of  production 
of  free  radicals.  The  methyl  radical  (CH^)  was  the  most  prominent  free  radi¬ 
cal  according  to  the  computations,  followed  by  ethyl  then  prcpyl 

Other  free  radicals  were  of  appreciably  less  to  trivial  prominence 
and  the  three  named  comprised  80-90^  of  the  total  free  radical  mole  fractions. 

The  time  incidence  of  peak  concentration  of  each  free  radical  was  essentially 
simultaneous  in  any  one  solution,  although  different  times  were  required  for 
solutions  at  different  initial  temperatures.  The  peaiis  generally  corresponded 
to  a  residual  mole  fraction  of  trimethylhexane  of  about  0.6,  over  the  initial 
temperature  range.  As  noted  below,  subsequent  work  shewed  that  an  important 
free  radical  was  missing  from  the  allowed  set  of  reactions  in  this  initial 
pyrolysis  computation.  The  general  trends  indicated  above  are  therefore  possibly 
in  error. 

(U)  Given  the  kinetic  composition  of  the  gas  generator  effluent  vapors, 
the  next  step  for  analysis  was  the  consideration  of  autoignition  reactions. 
Approximately  15OO  reactions  were  generated  to  permit  oxidation  of  the 
species  which  comprised  the  prominent  free  radicals  generated  in  pyrolysis. 

These  were  reduced  to  about  500  oy  inspection  for  steric  limitations.  By 
computer  runs  comparable  to  those  for  the  pyrolysis,  the  500  were  screened  to 
a  manageable  150  reactions. 

(U)  One  aspect  in  which  the  calculational  results  were  not  deemed 
complete  concerned  the  formation  of  solid  carbon  from  hydrocarbons,  with  the 
prominent  theory  being  that  it  derives  from  acetylene.  The  formation  and 
degradation  of  acetylene  within  the  pyrolysis  reaction  scheme  was  consistent 
with  the  general  approach  conceived,  and  in  particulai’  it  was  most  consistent 
with  the  available  species'  thermochemical  properties.  Granting  that  the  theory 
might  be  fundamentally  imperfect,  it  was  expected  that  at  least  it  could  serve 
as  a  suitable  modus  operandi  to  produce  solid  carbon  and  complementary  hydrogen. 
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150  into  the  FIKEK  program^  which  was  run  on  the  IBM  T090  computer  at  the  Air 
Force  Rocket  Propulsion  Laboratory  (150  reactions  comprise  the  limit  for  the 
FINEK  program).  The  insignificant  reactions  were  then  discarded  in  a  series 
of  computer  runs.  This  screening  process  resulted  in  an  apparent  basic  set 
of  89  reactions  which  would  be  needed  to  describe  the  pyrolysis  of 

(U)  Carrying  through  the  pyrolysis  process  with  the  prescribed  set  of 
reactions  for  an  initial  temperature  range  of  l600°F  to  2500°F  indicated  a 
strong  effect  of  initial  temperature  on  both  rate  and  extent  of  production 
of  free  radicals.  The  methyl  radical  (CH^)  was  the  most  prominent  free  radi¬ 
cal  according  to  the  computations,  followed  by  ethyl  then  propyl 

Other  free  radicals  were  of  appreciably  less  to  trivial  prominence 
and  the  three  named  comprised  80-90^  of  the  total  free  radical  mole  fractions. 

The  time  incidence  of  peak  concentration  of  each  free  radical  was  essentially 
simultaneous  in  any  one  solution,  although  different  times  were  required  for 
solutions  at  different  initial  temperatures.  The  peaks  generally  corresponded 
to  a  residual  mole  fraction  of  trimethylhexane  of  about  0.6,  over  the  initial 
temperature  range.  As  noted  below,  subsequent  work  showed  that  an  important 
free  radical  was  missing  from  the  allowed  set  of  reactions  in  this  initial 
pyrolysis  computation.  The  general  trends  indicated  above  are  therefore  possibly 
in  error. 

(u)  Given  the  kinetic  composition  of  the  gas  generator  effluent  vapors, 
the  next  step  for  analysis  was  the  consideration  of  autoignition  reactions. 
Approximately  1500  reactions  were  generated  to  permit  oxidation  of  the 
species  which  comprised  the  prominent  free  radicals  generated  in  pyrolysis. 

These  were  reduced  to  about  500  by  inspection  for  steric  limitations.  By 
computer  runs  comparable  to  those  for  the  pyrolysis,  the  500  were  screened  to 
a  manageable  150  reactions. 

(U)  One  aspect  in  which  the  calculational  results  were  not  deemed 
complete  concerned  the  formation  of  solid  carbon  from  hydrocarbons,  with  the 
prominent  theory  being  that  it  derives  from  acetylene.  The  formation  and 
degradation  of  acetylene  within  the  pyrolysis  reaction  scheme  was  consistent 
with  the  general  approach  conceived,  and  in  particular  it  was  most  consistent 
with  the  available  species'  thermochemical  properties.  Granting  that  the  theory 
might  be  fundamentally  imperfect,  it  was  expec  r.  d  that  at  least  it  could  serve 
as  a  suitable  modus  operand!  to  produce  solid  carbon  and  complementary  hydrogen. 
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However,  the  pyrolysis  results  indicated  a  "piling  up"  of  propylene  and 
ethylene  along  with  methane  and  ethane,  relatively  little  acetylene,  and 
only  slow  degradation  of  acetylene  to  carhon  and  hydrogen.  This  was  insig¬ 
nificant  as  it  could  influence  not  only  the  decline  of  free  radical  concen¬ 
tration  from  the  peak  level,  hut  also  the  impedance  of  appearance  of  solid 
carhon  as  a  less  reactive  effluent  constiuent. 

(u)  It  was  considered  important  to  he  ahle  to  define  approximately  the 
amount  of  solid  carhon  in  the  effluent  as  a  function  of  gas  generator  opera¬ 
ting  conditions,  for  this  could  serve  to  impose  an  upper  limit  on  o/F  just 
as  the  autoignition  requirement  imposes  some  lower  limit.  Therefore,  addi¬ 
tional  species,  namely  the  dehydrogenated  species  from  C^Hg,  and  all  of  the 
attendant  reactions  with  smaller  (C^  and  C^)  species  and  fragments,  were 
assembled  for  screening  calculations  at  the  point  in  reaction  time  where 
"piling  up"  of  C^Hg,  C^Hg,  and  has  been  noted.  Before  the  screen¬ 

ing  calculations  could  he  performed,  however,  the  Air  Force  directed  that 
the  finite  kinetics  investigation  he  terminated  in  order  to  provide  for 
shifting  of  contract  funds  allotted  to  it  to  the  experimental  program,  which 
had  been  broadened  in  scope. 

(U)  Subsequent  work  perforraaed  on  another  program  revealed  that  the 

C-H-  radical  and  species  derived  from  it  played  a  pi’ominent  role  in  the  pro- 
5  5 

duction  of  solid  carhon  by  pyrolysis.  As  this  species  was  not  incorporated 
in  the  original  basic  pyrolysis  scheme,  the  conclusions  derived  from  the 
'.arlier  computations  are  open  to  doubt.  Therefore  it  can  be  concluded  that 
the  finite  kinetics  effort  was  terminated  prior  to  the  point  where  it  could 
have  made  a  significant  contribution  to  the  program. 

C.  TEST  HARDWARE 

(U)  1.  Test  Facility 

Both  Phase  I,  Gas  Generator  Development,  and  Phase  II,  Air 
Augmentation  Demonstration  tests  were  conducted  at  Marquardt's  Magic  Mountain 
test  facility.  The  remote  location  in  the  San  Gabriel  Mountain  Range  permits 
testing  with  toxic  propellants  such  as  the  interhalogen  oxidizers.  The  test 
cell  (M1-A)  used  was  originally  a  rocket  test  pad  where  the  engine  fired 
vertically  downward.  In  I96T,  air  capability  was  added  to  the  test  cell. 
Under  the  conditions  of  interest  for  this  program,  the  air  flowrate  capacity 
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is  approximately  40  pps  for  6o  seconds  or  30  pps  for  about  85  seconds.  These 
flow  rate  conditions  can  be  achieved  at  pressures  up  to  300  psia  and  tempera¬ 
tures  up  to  1200 °F. 

2.  Gas  Generator  Hardware 

(U)  The  initial  designs  for  the  gas  generator  were  based  on  the 

requirements  of  a  15-inch  diameter  afterburner  which  would  result  in  a  gas 
generator  capable  of  producing  500  lbs  of  thrust  when  using  a  convergent- 
divergent  nozzle.  These  requirements  resulted  in  the  chamber  dimensions 
used  in  the  first  three  gas  generator  configurations.  Subsequently  the 
requirement  was  scaled  down  to  match  a  7-inch  afterburner.  In  keeping  witti 
a  design  evolved  from  another  Air  Force  air  augmented  rocket  program,  the 
gas  generator  nozzle  was  designed  to  provide  two  impinging  sonic  streams 
which  results  in  a  well-mixed,  subsonic  flow  of  exhaust  products.  The  final 
configuration  was  based  upon  the  7-inch  size  requirement  but  deviated  from 
the  impinging  sonic  stream  requirement. 

(U)  To  facilitate  the  testing  of  various  chamber  configurations, 

the  test  item  was  designed  as  a  basic  stainless  steel  casing  into  which 
various  graphite  chambers  could  be  inserted.  For  testing,  the  gas  genera¬ 
tor  was  attached  in  a  downward  firing  position  to  a  vertical  thrust  stand. 

(U)  During  the  Phase  I  testing  several  iterations  on  gas 

generator  configurations  were  made  to  arrive  at  an  acceptable  one  with  regard 
to  solids  deposition  within  the  chamber.  The  various  configurations  and  the 
number  of  test  points  acquired  on  each  are  summarized  in  Figure  3«  A  brief 
description  of  each  is  given  in  the  following  sections, 
a.  Turbulator 

(C)  Under  a  Navy  funded  rocket-ramjet  program  (Reference  l), 

a  boron  slurry  CTF  rocket  engine  was  tested.  This  engine  was  called  the 
turbulator  engine  design.  This  turbulator  engine  consisted  of  a  precombus¬ 
tion  chamber  into  which  propellants  were  injected  from  a  single  oxidizer- 
on-fuel  doublet  such  that  a  vortex  flow  wac  generated.  The  partially  reacted 
species  then  entered  a  conventional  cylindrical  combustion  chamber.  An  engine 
of  this  type,  pictured  in  Figure  4,  was  successfully  operated  at  extreme  off- 
design  conditions  down  to  an  O/F  ratio  of  0.084.  This  engine  design  formed 
the  basis  for  the  first  gas  generators  tested  under  this  program. 
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(U)  For  air  augmentation  applications,  a  short  gas  generator 

is  desirable  from  a  packaging  standpoint.  Therefore,  two  configurations  were 
analytically  investigated  for  the  turbulator  gas  generator  design:  Configura¬ 
tion  A,  with  an  L*  of  is  a  close  copy  of  the  turbulator  engine  operated 
previously.  Configuration  B,  has  the  precombustion  chamber  integrated  into 
the  main  combustion  chamber  and  has  an  L*  of  66.  Schematics  of  the  two  con¬ 
figurations  are  presented  in  Figures  5  and  6.  Because  of  the  small  throat, 
the  value  of  L*  has  little  significance. 

(U)  The  injector  pattern  layout  for  both  configurations  is  shown 

schematically  in  Figure  J.  Three  sets  of  injectors  were  required  to  cover 
the  wide  range  of  propellant  flows.  The  injector  sizes  and  operating  condi- 


tions  are 

tabulated  below: 

Oxidizer 

o/f 

Fuel  Injector 

Injector 

Chamber 

Injector 

Dia.,  Inches 

Dia. ,  Inches 

Press. ,  psia 

I^tio 

A 

0.24 

o.o6 

200 

0.1-0. 5 

B 

0.3 

0.13 

6oo 

0.2-0. 5 

1000 

0.2-0. 5 

C 

0.4 

0.11 

600 

1000 

0.1 

0.1 

(u)  Configuration  B  was  the  turbulator  design  selected  for 

testing  and  is  presented  in  Figure  8.  The  increased  size  of  the  precom¬ 
bustion  chamber,  as  compared  to  turbulator  engines  employed  in  previous 
programs,  results  in  an  overall  shortening  of  the  engine,  which  is  desir¬ 
able  from  a  packaging  standpoint.  The  exhaust  nozzle  assembly  consisted 
of  a  basic  expansion  section  with  provision  for  attaching  two  extensions  of 
the  expansion  cone  to  meet  optimum  expansion  requirements  over  a  range  of 
chamber  pressures.  A  thermocouple  located  just  upstream  of  the  throat  was 
to  serve  as  an  indicator  of  the  completeness  of  combustion  at  that  station. 

(u)  Subsequent  testing  of  the  turbulator  design  at  the  200  psia 

level  resulted  in  the  formation  of  heavy  deposits  in  the  chamber  for  the 
range  of  O/f  ratios  from  0.1  to  0.5*  It  was  therefore  evident  that  design 
modifications  would  be  necessary  if  the  deposition  problem  were  to  be  eli¬ 
minated. 

b.  Spiral  Swirl 

(u)  The  Spiral  Swirl  represents  the  second  of  the  two  basic  gas 

generator  designs  to  be  tested.  It  is  shown  schematically  in  Figure  9* 

This  gas  generator  also  utilizes  an  oxidizer-on-fuel  doublet.  The  spiral 
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flow  pattern  was  intended  to  provide  more  thorough  mixing  during  combustion. 

A  possible  advantage  of  this  design  was  the  tendency  of  the  larger  solid 
particles  to  be  centrifuged  away  from  the  nozzle  axis,  thereby  providing 
an  opportunity  for  a  more  uniform  distribution  of  particles  in  the  exhaust 
(because  normal  tendency  is  to  have  larg€;r  particles  in  the  center  of  the 
exhaust • ) 

(U)  The  Spiral  Swirl  engine  tested  is  shown  in  Figure  10.  The 

central  spiral  was  made  of  Graphitite  G.  The  injector  configurations  are 
very  similar  to  that  of  the  turbulator  chamber.  In  addition  to  the  primary 
injector,  a  downstream  orifice,  for  injection  of  slurry  only,  was  provided. 

A  comparison  of  exhaust  characteristics  at  low  O/F  ratio  can  thereby  be 
made  for  two  situations:  (l)  where  all  combustion  occurs  at  the  design  O/F 
ratio,  and  (2)  where  upstream  combustion  occurs  at  a  higher  O/F  (higher 
temperature)  with  additional  slurry  added  dovmstream  to  meet  design  condi¬ 
tions.  A  thermocouple  is  located  upstream  of  the  throat  to  serve  as  an 
indicator  of  the  completeness  of  reaction  within  the  gas  generator  and  to 
facilitate  comparison  of  the  two  design  approaches. 

(u)  Two  tests  were  conducted  in  this  gas  generator.  Both  resulted 

in  engine  plugging  attributable  to  operating  sequence  or  sprial  vane  failure. 
Because  of  operational  difficulties  inherent  in  this  design,  principally 
the  difficulty  of  disassembly  Tor  examination,  no  additional  tests  were  con¬ 
ducted. 

c.  Modified  Turbulator 

(U)  Since  the  initial  checkout  runs  with  the  turbulator  configura¬ 

tion  indicated  a  severe  solids  deposition  problem  within  the  primary  chamber, 
the  chamber  was  redesigned  to  eliminate  the  l80  degree  change  in  flow  direc¬ 
tion  at  the  head  end.  The  resulting  chamber,  shown  in  Figure  11,  had  an  L* 
of  25  and  provided  a  residence  time  which  was  less  than  of  that  of  the 
initial  turbulator  design. 

(u)  Testing  of  the  modified  turbulator  showed  deposit-free  opera¬ 

tion  over  the  O/F  ratio  range  from  0.1  to  0.4  for  chamber  pressures  less 
than  200  psia.  A  test  corresponding  to  simultaneous  high  pressure  and  high 
O/F  ratio  demonstrated  that  the  deposition  problem  was  still  not  solved,  ' 
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d.  Dual  Chamber  Impinging  Jet 

(U)  The  preceding  gas  generator  configurations  were  predicated 

on  the  requirements  of  a  500  Ib  thrust  and  a  15-inch  diameter  afterburner. 
Coincidental  with  the  identification  of  a  solids  deposition  problem  in  these 
designs,  the  overall  program  was  reviewed  and  it  was  decided  that  the  remain¬ 
ing  effort  under  Phase  I  should  be  directed  towards  gas  generators  that  would 
be  compatible  with  air  augmentation  tests  of  Phase  II  utilizing  smaller  scale 
hardwai-e.  Since  the  Air  Force  already  had  experimental  data  on  a  solid  pro¬ 
pellant  ducted  rocket  with  a  7-inch  diameter  secondary  combustor,  the  Phase 
II  tests  under  the  subject  program  would  also  be  conducted  with  T-inch  com¬ 
bustor  hardware.  Furthermore,  to  facilitate  comparison  of  experimental 
data  from  the  various  Air  Force  programs,  the  secondary  combustor  hardware 
should  be  essentially  identical  in  geometry.  Since  the  method  of  injecting 
the  exhaust  products  into  the  secondary  chamber  could  markedly  affect  the 
afterburner  performance,  the  Air  Force  requested  that  the  gas  generator  exit 
design  consist  of  two  sonic  jets  impinging  inside  an  injection  tube  (blast 
tube)  which  would  result  in  subsonic  flow  of  the  primary  exhaust  into  the 
secondary  chamber. 

(u)  To  comply  with  this  requirement,  two  new  gas  generators  were 

designed.  These  new  designs  required  considerably  scaling  down  of  flow 
requirements.  The  first  configuration  was  the  dual  chamber  design  shown  in 
Figure  12. 

(U)  The  dual  chamber  gas  generator  retained  for  its  combustion 

chamber  the  general  shape  of  that  of  the  modified  turbulator  which  success¬ 
fully  eliminated  combustion  chamber  deposits  at  the  lower  chamber  pressures. 
The  L*  of  4o  for  each  chamber  is  somewhat  larger  than  that  of  the  modified 
turbulator  but  the  overall  scale  was  greatly  reduced.  The  0.l40  inch  sonic 
jets  from  each  chamber  impinge  at  the  axis  of  the  injection  tube  resulting 
in  a  subsonic  stream  for  mixing  with  the  afterburner  air. 

(u)  At  an  o/F  ratio  of  0.1  this  gas  generator  operated  without 

deposits  to  pressure  levels  exceeding  400  psia.  Chamber  deposits  occurred 
at  high  o/F  ratios  and  chamber  pressures  below  200  psia.  Increasing  the 
chamber  pressure  resulted  in  nozzle  plugging  at  o/P  ratios  of  0.3  or  above. 

An  interaction  between  the  chambers  accelerated  this  plugging  process.  An 
interconnecting  channel  in  a  modified  design  failed  to  solve  the  plugging 
problem,  however. 
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e*  Single  Chainber  Impinging  Jet 

(u)  In  the  event  that  the  reduced  scale  of  the  dual  chambers 

contributed  to  buildup  of  chamber  deposits  and  plugging  of  the  throats,  the 
single  chamber  design  of  Figure  13  was  provided  for  testing.  This  configura¬ 
tion  utilized  identical  sonic  jets  but  had  an  L*  of  107  aiid  a  greatly  increased 
volume-to-surface  area.  With  the  larger  available  volume  a  modified  injec¬ 
tion  technique  was  incorporated  into  the  design.  In  addition  to  the  usual 
single  point  oxidizer-of-fuel  injection,  provisions  were  made  for  impinge¬ 
ment  of  a  second  oxidizer  stream  upon  the  slurry  stream  to  provide  for  more 
uniform  mixing  of  the  fuel  and  oxidizer.  More  uniform  mixing  will  tend  to 
eliminate  the  hotter  regions  in  the  combustion  zone  which  apparently  con¬ 
tribute  to  deposit  formation.  The  assembled  gas  generator  for  either  dual 
or  single  chamber  is  shown  in  Figure  l4.  The  stainless  steel  shell  made 
common  to  both  configurations  was  provided  with  two  pressure  taps  entering 
the  dual  chamber  through  the  front  end.  The  injectors  mounted  to  the  case 
wall  comprised  two  sets  of  two  each  for  the  dual  chambers  and  one  set  of 
three  for  the  single  chamber. 

(u)  When  tested  at  intermediate  O/f  ratio  and  high  pressures, 

nozzle  plugging  was  experienced,  but  at  a  reduced  rate  compared  to  that  of 
the  dual  chamber  design.  Thus  the  single  chamber  design  was  still  inadequate 
for  an  operational  gas  generator. 

f .  Axial  Injection 

(u)  The  previous  gas  generators  did  not  successfully  eliminate 

deposition  problems  for  all  conditions  and  therefore  a  different  approach 
was  investigated. 

(c)  This  approach,  based  upon  a  successful  rocket  combustion 

chamber  design  at  Marquardt,  employed  an  axial,  as  opposed  to  the  previously 
employed  circumferential,  injection  technique.  A  sketch  of  the  configura¬ 
tion  is  shown  in  Figure  15*  The  slurry  fuel  is  injected  into  the  chamber 
as  an  annulus.  This  slurry  annulus  is  impinged  on  its  inner  surface  by  a 
hollow  conical  stream  of  CTF.  The  CTF  pattern  is  produced  by  first  creating 
a  swirling  flow  in  the  liquid  and  then  injecting  through  a  circular  orifice. 

The  injector  configuration  shown  had  been  previously  operated  successfully 
at  an  o/F  ratio  of  0.04  in  a  rocket  development  program.  The  graphite  insert 
was  added  for  the  gas  generator  tests.  A  zero  length  throat  was  first  tested 
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rather  than  a  constant  8j:ea  throat  to  facilitate  measurement  of  throat 
erosion. 

(c)  Tests  conducted  on  the  axial  injection  gas  generator  at  an 

O/F  ratio  exceeding  0.3  and  pressure  exceeding  TOO  psia  demonstrated  that 
the  deposit  problem  had  been  eliminated.  A  30  second  run  at  an  o/f  ratio 
of  0.1  resulted  in  throat  erosion  but  no  other  problems.  Apparently  the 
deposition  problem  had  been  solved  vith  the  axial  injection  design,  so  no 
further  configuration  changes  vere  made. 

3-  Exhaust  Sampling 

(u)  Phase  I  of  the  experimental  program  was  intended  to  characterize 
the  exhaust  products  of  the  very  fuel-rich,  boron  slurry/CTF  gas  generator. 
The  principle  characteristics  of  the  exhaust  streams  which  were  of  interest 
are  those  which  would  effect  the  combustibility  of  the  exhaust  constituents 
in  air.  The  combustibility  of  the  exhaust  is  a  function  of  the  exhaust  gas 
composition  and  temperature,  exhaust  solids  composition,  particle  size,  and 
distribution  of  the  combustible  solids  across  the  exhaust  jet.  Consequently, 
it  was  desirable  that  each  of  these  quantities  be  measured.  The  exhaust 
sampling  set  up  in  Cell  Ml-A  is  shown  in  Figure  l6. 

(U)  Exhaust  products  sampling  was  done  during  some  of  the  early  gas 
generator  runs.  However,  when  emphasis  was  placed  upon  developing  a  genera¬ 
tor  for  Phase  II,  sampling  was  discontinued. 

a.  Sampling  Procedure 

(u)  A  total  of  four  probes,  including  a  thermocouple  probe 

were  needed  to  obtain  the  proposed  exhaust  sampling  data.  As  the  dimensions 
of  each  probe  preclude  simultaneous  sampling  by  two  or  more  probes  in  the 
1.2-inch  diameter  nozzle  exit  corresponding  to  a  chamber  pressure  of  200 
psia,  sequential  samples  were  taken  during  a  run.  This  was  accomplished 
by  horizontal  translation  of  the  probes  so  as  to  position  each  in  turn  in 
the  exhaust  stream  after  the  gas  generator  had  reached  steady  state  opera¬ 
tion.  An  air-driven  linear  actuator  (Miller  Air  Motor)  and  ratchet  arrange¬ 
ment  was  employed  to  translate  the  array  of  probes.  The  sample  collection 
probes  are  shown  in  Figure  IT  for  the  initial  position  of  the  probes  at  the 
start  of  a  test  with  the  thermocouple  probe  located  in  the  exhaust  stream. 
Each  stroke  of  the  piston  subsequently  introduced  a  different  probe  into 
the  exhaust  stream,  until  at  test  termination,  the  last  probe  had  been  moved 
out  of  the  exhaust. 
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(U)  The  sampling  probes  were  con*.ected  to  the  collectors  by  means 

of  teflon-lined,  flexible  hoses.  The  cooling  water  lines  for  the  probes 
were  also  flexible  so  as  to  permit  free  movement  of  the  traversing  mount. 

A  constant  period  timer  located  on  the  stand  initiated  the  air  motor  driving 
stroke  at  equal  preset  intervals.  The  particle  probe  operation  governed 
the  minimum  interval  which  could  be  utilized,  for  it  involved  the  sequential 
operation  of  the  two  valves,  one  of  which  shut  off  the  probe  purge  water, 
while  the  other  opened  the  flow  passage  into  the  collector.  As  the  time 
required  for  valve  operation  was  one  second  and  for  translating  a  probe  into 
position  was  one  second,  the  minimum  interval  setting  for  the  timer  for  one- 
second  samplings  became  3  seconds.  The  run  duration  must  therefore  be  in 
excess  of  12  seconds  in  order  to  complete  all  samplings  (temperature,  parti¬ 
cle,  gas,  and  mass  distribution).  All  sampling  probes  were  coated  with  a 
protective  layer  of  Rokide  to  resist  the  high  temperature  exhaust, 
b.  Particle  Sampling 

(u)  A  water  cooled  solids  sampling  probe,  controlled  by  a  water 

purge  system,  was  employed  to  obtain  samples  of  exhaust  solids  as  schemati¬ 
cally  shown  in  Figure  l8.  This  probe  utilized  an  impingement-type  collector 
assembly  consisting  of  a  convex-shaped  impingement  plate  submerged  beneath 
a  quenching,  damping  liquid.  This  liquid  in  the  collector  was  agitated  by 
the  exhaust  sample  from  the  probe  and  suppressed  by  damping  screens  to  prevent 
splashing.  The  damping  action  of  the  liquid  tends  to  protect  particles  from 
shattering.  The  particle  collection  was  prepared  for  physical  and  chemical 
analysis  by  emptying  and  washing  the  contents  of  the  impingement  collector 
through  a  Millipore-type  filter  and  drying. 

(u)  The  probe  design  for  particle  sampling  is  illustrated  in 

Figure  19 .  The  probe  tip  and  body  were  internally  water  cooled.  Two  kinds 
of  probe  tips  were  provided,  one  of  310  SS  and  the  other  of  Berylco  10,  to 
provide  a  backup  in  the  event  that  a  durability  problem  arose.  The  probe 
tip  was  designed  for  swallowing  of  the  normal  shock  in  order  to  provide  true 
particle  sampling,  uninfluenced  by  flow  effects  tending  to  favor  capture  of 
the  larger  particles. 

(U)  A  low  flow  rate  of  ultra  clean  purge  water  was  maintained 

through  the  particle  probe  until  initiation  of  the  sampling  interval,  when 
the  water  flow  was  terminated  and  that  remaining  in  the  probe  was  injected 
into  the  particle  collector  ahead  of  the  sample  of  exhaust  products.  The 
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exhaust  gases,  which  were  not  collected  in  the  particle  probe  system,  escaped 
through  the  Millipore  filter  located  near  the  top  of  the  collector  vessel. 

The  particles  that  were  collected  were  taken  to  the  TMC  Chemistry  Laboratory 
and  analyzed  by  several  methods.  These  methods  and  the  results  of  the  analy¬ 
sis  are  discussed  later  under  Section  IV .C .2. 

c.  Gas  Sampling 

(U)  The  gas  sampling  assembly  consisted  of  an  outer  case  within 

which  were  three  separate  gas  extracting  lines,  all  cooled  by  flowing  water- 
This  allowed  for  three  individual  sampling  positions  across  the  exhaust  flow 
in  a  horizontal  plane.  The  gas  sampling  tube  inlets  were  positioned  normal 
to  the  direction  of  flow  to  minimize  particulate  contamination.  The  design 
for  the  gas  sampling  probe  is  illustrated  in  Figure  20.  The  sample  gases 
were  captured  by  use  of  evacuated  1.6  liter  stainless  sampling  bottles. 

Sample  capture  occurred  when  the  solenoid  valve,  connecting  the  probe  to  the 
evacuated  sample  bottOe  was  opened.  Following  the  test  the  gas  sampling 
bottles  were  disconnected  and  sent  to  Marquardt's  Nevrport  Beach  Laboratory  for 
gas  sample  analysis. 

d.  Mass  Distribution 

(U)  The  mass  flow  distribution  of  solids  across  the  nozzle 

exhaust  plane  was  determined  by  an  arrangement  of  three  sampling  tubes 
(also  two  dummy  tubes),  each  of  which  was  attached  to  a  collector  containing 
water.  The  solid  content  of  each  bottle,  after  sampling,  was  determined  by 
filtration  and  weighing.  A  schematic  of  the  mass  distribution  probe  and 
sample  bottles  is  shown  in  Figure  21.  The  five  water-cooled  probes  spanned 
the  exhaust  stream  and  sampled  the  distribution  of  solids  from  the  exhaust 
axis  to  the  outer  edge  of  the  plume.  The  outer  two  ports  (dummy  tubes) 
were  used  only  to  eliminate  the  influence  of  probe  end  effect  upon  sampling 
and  were  not  utilized  for  sampling.  Sampling  took  place  for  the  entire 
period  the  probe  was  in  the  exhaust  stream. 

e.  Temperature  Measurement 

(U)  A  high  temperature  aspirated  thermocouple  was  located  in 

the  first  position  of  the  sampling  probe  array  in  order  to  determine  the 
exhaust  temperature  and  its  rate  of  rise  during  the  first  three  seconds  of 
the  run.  The  probe  was  oriented  with  its  aperture  facing  downstream  to 
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minimize  ingestion  of  exhaust  particles,  which  could  plug  the  internal 
passages.  Such  orientation  was  permissible  since  the  manufacturer  had  indi¬ 
cated  that  this  probe  was  not  very  sensitive  to  angle  of  orientation. 

(u)  Although  this  probe  could  normally  withstand  temperatures 

of  2900°F,  it  proved  inadequate  for  the  environment  of  the  gas  generator 
exhaust.  During  the  first  sampling  r\in  (Ko.  3)  it  indicated  a  temperature 
of  1500°F  before  burnthrough  of  the  probe  tip.  A  second  attempt  to  measure 
exhaust  temperature  in  the  following  run  resulted  in  a  break-off  of  the  probe 
tip  and  provided  no  temperature  data.  The  possible  presence  of  quantities 
of  CTF  in  the  exhaust,  particularly  during  ignition,  may  have  contributed 
to  these  failures. 

4-.  Instrumentation  and  Control 

(u)  A  schematic  diagram  of  the  gas  generator  plumbing  and  in¬ 

strumentation  arrangement  is  shown  in  Figure  22.  To  provide  the  necessary 
data  for  evaluation  of  the  performance  of  the  gas  generator,  the  following 
measurements  were  obtained  from  pressure,  thrust,  temperature  and  flow  rate 
transducers ; 


Parameter 

Identification 

Range 

Thrust 

F 

- 

lbs 

0  - 

•6oo 

Combustion  chamber  pressure 

P 

c 

- 

psia 

arab 

-  1500 

Precorabustion  chamber  pressure 

^P 

- 

psia 

amb 

-  1500 

Combustion  chamber  temperature 

T 

c 

W 

^ox 

- 

°F 

amb 

-  3500 

Oxidizer  flow  rate 

- 

pps 

0  - 

1.1 

Fuel  flow  rate 

W 

f 

- 

pps 

0  - 

8.6 

Exhaust  temperature 

T 

E 

- 

°F 

amb 

-  3500 

Oxidizer  tank  pressure 

\ 

- 

psia 

o 

o 

-  l600 

Fuel  tank  pressure 

F 

- 

psia 

TOO 

-  2000 

(U)  The  instrumentation  used  during  the  gas  generator  tests  and 

the  air  augmentation  tests  was  essentially  the  same.  Pressures  were  measured 
by  strain  gage  type  pressure  transducers  manufactured  by  Taber,  Inc.  Simu¬ 
lated  calibrations  were  provided  prior  to  each  run  by  using  the  shunt  resis¬ 
tant  technique. 
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Figure  22 

BIPROPELLANT  GAS  GENERATOR 

PLUMBING  AND  INSTRUMENTATION  SCHEMATIC 
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(U)  The  external  exhaust-mounted  thermocouple  probe  shown  in 

Figure  IT  was  iridium-605^  rhodium/ iridium,  positioned  such  that  the  immersed 
sensing  head  was  facing  downstream.  The  thermocouple  was  an  aspirating  type 
with  a  portion  of  its  body  water  cooled.  The  gases  were  drawn  over  the 
shielded  thermocouple  by  a  facility-supplied  air  ejector  providing  a  vacuum 
of  8  psia  or  lower 

(u)  Turbine-type  flowmeters  (Cox,  Potter  and  Waugh)  were  used 

to  measure  liquid  flow  rates.  A  sonic  venturi  was  used  to  determine  air 
flow  rates. 

(U)  Thrust  was  measured  with  a  Kulite-Bytrex  Load  Cell,  Model 

JP-20,000.  Calibration  was  provided  by  using  a  pneumatic  system  to  provide 
a  compression  action  on  the  system.  A  Revere  system  was  used  as  a  transfer 
standard  for  the  thrust  calibration. 

(u)  A  36  channel  Consolidated  Electrodynamics  Corporation  (CEC) 

oscillograph  was  used  for  continuous  recordings  and  for  "quick-look"  data. 

A  Systems  Engineering  Lab  (SEL)  digital  data  recording  system  was  used  for 
steady  state  data  recording.  Data  were  sampled  and  digitized  at  a  3^750 
sample/second  rate  and  recorded  on  magnetic  tape.  The  tape  was  processed  on 
the  TMC  IBM  3^0  computer  for  raw  data  listings  and  for  some  data  calculations. 

(U)  The  oxidizer  flow  was  controlled  from  a  30-gallon  run  tank 

pressurized  with  nitrogen  to  a  maximum  operating  pressure  of  I600  psia.  A 
turbine  flowmeter  was  used  to  manually  regulate  the  oxidizer  flow  to  the 
selected  value  for  each  run. 

(u)  The  boron  slurry  fuel  was  controlled  from  a  7* 5-gallon  piston 

accumulator-type  run  tank  using  a  similar  tank  for  the  JP-4  expulsion  fluid. 
The  expulsion  fluid  tank  was  pressurized  with  nitrogen  to  a  maximum  operating 
pressure  of  2000  psia.  Appendix  B  discusses  the  properties  and  handling 
characteristics  of  MARNAF  731» 

(U)  A  turbine  flowmeter  was  used  in  the  JP-4  expulsion  line  to 

manually  regulate  the  boron  slurry  flow  for  each  run.  All  propellant  lines 
were  purged  with  nitrogen  before  and  after  each  run. 

D.  TEST  DEMONSTRATION 

(u)  The  Phase  I  gas  generator  test  demonstration  program  was  designed 
to  accomplish  the  following  objectives:  (l)  Evaluate  the  operation  of  at 
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least  two  configurations  for  a  bipropellant  gas  generator  and  make  measure¬ 
ments  of  the  exhaust  for  a  variety  of  test  conditions  and,  subsequently, 
determine  the  exhaust  stream  characteristics;  based  upon  comparative  perform¬ 
ance,  select  the  configuration  best  suited  for  air  augmentation  applications; 
(2)  Demonstrate  the  capability  of  the  gas  generator  to  operate  for  durations 
up  to  150  seconds  at  operating  conditions  suitable  for  application  to  air 
augmentation. 

(U)  Initially  it  was  believed  that  one  of  the  two  original  configura¬ 
tions  would  permit  fulfillment  of  these  objectives.  However,  as  the  test 
program  got  underway  it  became  necessary  to  deviate  somewhat  from  the  planned 
schedule.  As  a  resixlt  of  the  first  series  of  runs  on  the  turbulator  and 
spiral  swirl  configurations  (rxgures  8  and  $) ,  it  became  evident  that  neither 
of  these  configurations  ’.ould  accomplish  the  15O  second  duration  requirement 
because  of  solids  deposition  within  the  combustion  chamber.  A  modification 
of  the  turbulator  configuration  (Figure  ll)  was  then  evaluated  and  provided 
some  promise  that  it  would  perform  satisfactorily  for  150  seconds  under 
certain  conditions.  However,  after  completing  eleven  tests,  it  was  mutually 
agreed  between  TMC  and  the  Air  Force  monitoring  agency  to  scale  down  the  gas 
generator  test  item  to  be  compatible  with  a  7-inch  diameter  afterburner.  To 
match  the  scaled  down  flow  rates  a  Dual  Chamber  Impinging  Jet  subsonic  exhaust 
configuration  (Figure  12)  was  agreed  upon  with  a  Single  Chamber  Impinging  Jet 
subsonic  exhaust  configuration  (Figure  13)  as  backup.  These  configurations 
were  evaluated  in  Runs  10  through  I8.  A  final  configuration,  the  Axial  Injec¬ 
tion  (Figure  15),was  then  evaluated  in  Runs  I9  and  20  prior  to  commencing 
the  Phase  II  Air  Augmentation  tests.  These  test  runs  are  summarized  in  Table 

I.  Discussion  of  each  of  the  runs  is  provided  in  the  following  paragraphs. 

1.  Run  Summary 
a.  Runs  1  and  2 

(U)  Before  installation  of  the  sampling  rig,  two  short  2-3 

second  runs  of  the  turbulator  gas  generator  were  made  to  determine  the  mode 
of  operation  and  the  flow  rates  necessary  to  achieve  the  desired  chamber 
pressures.  These  runs  indicated  that  the  thermodynamic  equilibrium  perform¬ 
ance  was  not  achieved  and  _^rformance  corresponded  more  closely  to  a  condi¬ 
tion  where  half  of  the  TMH  present  in  the  slurry  was  assumed  to  vaporize 
rather  than  to  decompose.  In  these  preliminary  runs  the  chamber  pressure 
.was  less  than  100  psia.  No  buildup  of  deposits  in  the  chamber  was  observed 

*Trimethylhexane  (See  Appendix  B) 

UNCLASSIFIED 


(Continued) 

Duration 


CONFIDENTIAL 


EJ 
O 

•ri 

■p 
•H 

bOH 
•H 


u 

(I) 

•p 


iH 

•H 

a 

0) 

-p 

(0 

<u 

to 

o 

u 


•d  (1) 
0)  d 

+3  -H 
'ri  iH  rH 

CO  Ei 
(1)  (1) 
•d  in  N 
<U  -H 

bO  "d 'd 

° 


I>J  0) 

u  d 


<iH 

o 

•§) 

d 

o 


0) 

CQ 

•H 

Ei  -d 
0) 

tp  bO 

(M  (U  H 
w  Pi 

^  Pi 
u  a) 
<u  -P 

yjid  P 
cod 
■H  Pi  w 
bO  PM  (0 
MOO) 
d  -p  p 
H  M  PM 
Pi 

ta  (u 
P  d  d 

3^0 

bO 

<u  d 


P 

d 

-p 


«  d 


•  CO 

o 

p 
A 
■P 


ta 

PM 

(A 

•P 


id 

d 

P 


d  d 
•H  p 

d 

d  d 
CQ  CO 


d 

p 

PM 


o 

a 

o 


^  <P  <p 

o  o  <p 
o 

bO  d 
d  w  M 
d  -n  d  d 
w  bO  cS  -H 
•ri  bp  o  bO 
P  d  d  M 
H  p  d 
d  PM_  H 
p  Id  Pi 
^  O  ^ 

CO  43  Pi  O 
CO  PM  a 
d  d  O 
P  d  -P 
PM  "d  CO  ♦ 
d 


CO 

u 

p  p 

P  w 

M  P 

H 

CO  CO 

P 

p 

0 

3 

•  d  43 

-d 

d  03 

0} 

Id  <3 

d 

d 

<D 

u 

(0 

d  p  I 

p  d 

p  P 

d  :* 

CO 

(0 

CO 

S 

CO 

(0  g  d 

0 

P  CO 

0 

CO 

CO 

S 

<D 

r-)  3  P 

d  0 

0$ 

0  d 

d 

d 

<D 

0 

U 

d  ,d  d 

d  d 

d  p 

u 

d  d 

p 

a 

fr; 

Ph 

P  0  ri 

0  w 

•H  (3 

0 

to  p3 

p 

0 

lA 

OJ 


O 


t- 

\6 


cj 


OJ 

« 

-d- 


CvJ 


o 

CO 


o 

d 

PMW 

'"5 


CO 

s 


CJ 

b- 

(A 


d|  8 

pm!  a 


O 

o 

OJ 

H 


•rH 

o 

u 


00 

• 

O 

P 

d 

1 

o 

d 

P 


-t 

t— 

CM 


d 

rH 


•ri 

W 


PI  H 


ITN 

H 


rH 

ir. 

CO 

q 

CO 

tw 

VO 

CVJ 

CM 

9. 

CO 

CO 

lA 

CO 

• 

« 

« 

• 

• 

0 

0 

0 

0 

0 

IfN 

lA  0 

lA 

lA 

(O 

H  CO 

VO 

CM 

VO 

CO  CO 

ro 

i 


CO 

CJV 

t- 

(7\ 

fO 

o\ 

CM 

CM 

CM 

CO 

0 

* 

* 

• 

• 

0 

0 

0 

0 

0 

P 

d 

P 

d 

TO 

'd 

0 

43 

d 

•ri 

0 

•ri 

,  p 

d  0 

H 

2 

rH 

•H 

H 

cd  d 

CO 

TO 

■d 

cd 

•ri  ’O) 

•ri 

d 

0 

d 

«  d 

X 

p 

S 

P 

<:  H 

<3; 

-46- 

CONFIDENTIAL 


Injection 


CONFIDENTIAL 


The  resialts  of  these  runs  served  as  a  guide  to  determine  flow  requirements 
necessary  to  achieve  the  ohjective  chamber  pressure  of  200  psia. 
b.  Runs  3  and  4 

(u)  The  first  sampling  run  was  conducted  at  a  chamber  pressure 

of  200  psia  and  an  o/P  ratio  of  0.1.  The  run  duration  was  13  seconds. 
Sampling  proceeded  normally  until  the  end  of  particle  sampling.  A  correct¬ 
able  malfunction  then  occurred  in  the  traverse  system  causing  the  particle 
probe  to  remain  in  the  stream  for  the  duration  of  the  run.  Consequently, 
no  mass  distribution  samples  were  obtained. 

(u)  Inspection  of  the  chamber  interior  at  the  end  of  the  run 

revealed  a  considerable  amount  of  deposition  on  the  flat  graphite  plate  at 
the  head  end  of  the  engine,  adjacent  to  the  turbulator  chamber.  These 
deposits  were  hard  and  brittle.  There  was  only  minor  deposition  in  the  down¬ 
stream  cylindrical  chamber. 

(U)  The  temperature  indicated  by  the  chamber  thermocouple  during 

this  run  corresponded  to  1500°R,  which  agrees  with  theoretical  expectations. 
Later  in  the  run  burn-through  of  the  thermocouple  tip  occurred,  apparently 
due  to  a  localized  oxidizer  concentration  which  attacked  the  sheath  material. 
The  chamber  pressure  lines  plugged  after  several  seconds  of  running,  but 
there  was  sufficient  time  to  determine  the  steady  state  pressure  level. 
Constancy  of  the  thrust  output  indicated  no  change  in  operating  conditions 
after  plugging  of  the  pressure  lines. 

(u)  A  second  sampling  run  was  conducted  at  the  nominal  conditions 

of  200  psia  chamber  pressure  and  an  O/F  ratio  of  0.5*  Again  high  combustion 
efficiency  was  achieved.  Luring  this  run  the  tip  of  the  exhaust  thermocouple 
sheath  was  broken  off  through  unknown  ca\ises.  Again  no  mass  distribution 
samples  were  obtained,  although  the  probes  had  traversed  their  full  distance 
at  the  end  of  the  run.  Poor  visibility  due  to  fog  prohibited  visual  observa¬ 
tion  of  this  run  over  closed  circuit  television.  Consequently,  the  cause  of 
the  sampling  failure  was  not  evident. 

(u)  Examination  of  the  chamber  after  the  run  revealed  the  presence  of 
hard  deposits  which  were  more  extensive  than  those  produced  at  an  O/F  ratio 
of  0.1.  Deposition  occurred  in  the  cylindrical  chamber  as  well  as  against 
the  he ad- end  wall. 
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The  results  of  these  runs  served  as  a  guide  to  determine  flow  requirements 
necessary  to  achieve  the  objective  chamber  pressure  of  200  psia. 
b.  Runs  3  and  4 

(u)  The  first  sampling  run  was  conducted  at  a  chamber  pressure 

of  200  psia  and  an  o/f  ratio  of  0.1.  The  run  duration  was  13  seconds. 
Sampling  proceeded  normally  until  the  end  of  particle  sampling.  A  correct¬ 
able  malfunction  then  occurred  in  the  traverse  system  causing  the  particle 
probe  to  remain  in  the  stream  for  the  duration  of  the  run.  Consequently, 
no  mass  distribution  samples  were  obtained. 

(U)  Inspection  of  the  chamber  interior  at  the  end  of  the  run 

revealed  a  considerab3.e  amount  of  deposition  on  the  flat  graphite  plate  at 
the  head  end  of  the  engine,  adjacent  to  the  turbulator  chamber.  These 
deposits  were  hard  and  brittle.  There  was  only  minor  deposition  in  the  down¬ 
stream  cylindrical  chamber. 

(U)  The  temperature  indicated  by  the  chamber  thermocouple  during 

this  run  corresponded  to  1500*R,  which  agrees  with  theoretical  expectations. 
Later  in  the  run  burn-through  of  the  thermocouple  tip  occurred,  apparently 
due  to  a  localized  oxidizer  concentration  which  attacked  the  sheath  material. 
The  chamber  pressure  lines  plugged  after  several  seconds  of  running,  but 
there  was  sufficient  time  to  determine  the  steady  state  pressure  level. 
Constancy  of  the  thrust  output  indicated  no  change  in  operating  conditions 
after  plugging  of  the  pressure  lines. 

(u)  A  second  sampling  run  was  conducted  at  the  nominal  conditions 

of  200  psia  chamber  pressure  and  an  o/f  ratio  of  0.5.  Again  high  combustion 
efficiency  was  achieved.  During  this  run  the  tip  of  the  exhaust  thermocouple 
sheath  was  broken  off  through  unknown  ca\ises.  Again  no  mass  distribution 
samples  were  obtained,  although  the  probes  had  traversed  their  full  distance 
at  the  end  of  the  run.  Poor  visibility  due  to  fog  prohibited  visual  observa¬ 
tion  of  this  run  over  closed  circuit  television.  Consequently,  the  cause  of 
the  sampling  failui’e  was  not  evident. 

(u)  Examination  of  the  chamber  after  the  run  revealed  the  presence  of 
hard  deposits  which  were  more  extensive  than  those  produced  at  an  O/f  ratio 
of  0.1.  Deposition  occurred  in  the  cylindrical  chamber  as  well  as  against 
the  he ad- end  wall. 
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c.  Runs  5  through  9 

(C)  Following  the  two  runs  with  the  turhulator  chamber  in 

which  heai/y  chamber  deposits  were  formed  (Runs  3  and  4),  the  chamber  was 
redesigned  to  eliminate  the  l80  degree  change  in  flow  direction  at  the 
head  end.  The  resulting  design,  called  the  ^bdified  Turhulator,  is  illus¬ 
trated  in  Figure  11.  The  design  was  tested  in  Run  5-  No  deposits  were 
found  after  a  run  of  13  seconds.  The  same  gas  generator  was  tested  again 
in  Run  T  at  a  high  o/F  ratio.  Once  again  no  deposits  were  formed.  The 
final  test  of  this  design.  Run  8,  was  run  at  a  high  pressure  condition, 
where  deposit  buildup  should  be  enhanced  because  of  the  greater  density 
of  solids  in  the  chamber.  Deposition  did  occm*  in  the  throat  entrance 
section  in  this  run  of  8  seconds.  A  comparison  of  the  deposits  which 
occiurred  in  Run  4,  employing  the  Turhulator  configuration  with  those  in 
the  Modified  Turhulator  is  shown  schematically  in  Figure  23*  Both  runs 
were  made  at  an  O/F  ratio  exceeding  0.4,  but  deposition  occurred  only  at 
high  pressure  in  the  Modified  Turhulator  and  not  at  the  200  psia  level  of 
the  Turhulator  test.  Aside  from  pressure  level  (flow  rate).  Run  8  differed 
from  Run  7  in  that  oxidizer  injection  velocity  was  lower.  The  good  combus¬ 
tion  efficiency  achieved  in  Run  8,  as  evidenced  by  the  high  thrust  and 
pressure  levels,  implies  that  the  higher  oxidizer  injection  velocity  and 
consequent  better  mixing  led  to  high  temperature  in  the  chamber  with  resul¬ 
tant  deposition  at  the  nozzle  entrance.  A  reduction  in  oxidizer  velocity 
may  eliminate  the  deposition  at  the  expense  of  a  reduced  combustion  efficiency. 
A  reduced  efficiency  was  acceptable,  as  it  would  not  adversely  affect  utili¬ 
zation  of  the  gas  generator  for  air  augmentation. 

(u)  In  the  majority  of  runs  plugging  of  the  chamber  pressure  tap 
during  the  run  by  particles  of  boron  and  other  solids  resulted  in  loss  of 
the  pressure  level  beyond  the  time  of  plugging.  Nevertheless,  in  Run  No.  8 
the  oxidizer  injection  pressure  provided  a  clear  indication  of  the  effect 
of  deposit  buildup  in  the  throat  section  even  though  the  chamber  pressure 
tap  was  plugged.  l=he  oxidizer  pressure  exhibited  a  rise  of  several  hundred 
Ib/sq  in.  approximately  midway  through  the  run,  indicating  nozzle  throat 
area  reduction.  The  pressure  remained  at  the  higher  level  with  little  varia¬ 
tion  throughout  the  remainder  of  the  run.  One  could  therefore  infer  that 
deposition  in  the  throat  section  had  stabilized. 
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A.  TURBULATOR  CONFIGURATION 


B.  MODIFIED  TURBULATOR  CONFIGURATION 


Figure  23 

LOCATION  OF  DEPOSITS  IN  GAS  GENERATOR  CHAMBERS 
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(C)  Runs  6  and  9  were  tests  of  the  Spiral  Swirl  design  shown 

in  Figure  9*  Run  6  was  prematurely  shut  down  by  the  test  observer,  as  the 
dark  appearance  of  the  exhaust  did  not  indicate  that  combustion  was  occurring. 
Due  to  a  lag  in  sliirry  shut-off  when  the  observer  terminates  the  test,  raw 
slurry  plugged  the  engine  passages  and  was  forced  into  the  oxidizer  injector, 
causing  rupture  of  the  oxidizer  injector  line.  After  disassembly  the  spiral 
passage  was  found  to  be  completely  filled  with  dried  slurry.  No  evidence 
was  found  of  the  hard  deposits  obtained  in  the  turbulator  design,  however, 
the  run  time  may  not  have  been  sufficient  for  deposit  formation.  Run  9 
was  intended,  to  be  a  high  pressure  run  at  the  600  psia  level.  At  initiation 
of  the  test  however,  the  end  tip  of  the  spiral  vane  chipped  off  and  parti¬ 
ally  plugged  the  nozzle.  The  resulting  increase  in  pressure  within  the 
chamber  stopped  oxidizer  flow  and  again  forced  slurry  into  the  oxidizer 
line,  which  resulted  in  burn-through  of  the  line  at  the  injector  and  termina¬ 
tion  of  the  test. 

(c)  The  tests  of  the  Turbulator  configuration  had  demonstrated 

a  tendency  for  deposits  to  form,  especially  in  the  stagnant  region  at  the 
head  end  of  the  chamber.  The  elimination  of  the  low  velocity  region  in 
the  Modified  Turbulator  solved  much  of  the  deposition  problem.  Deposits 
were  still  formed  in  the  nozzle  entrance  section  for  simultaneous  high 
pressure  and  high  O/F  ratio.  This  deposition  could  result  from  the  more 
rapid  mixing  of  fuel  and  oxidizer,  as  implied  from  the  higher  oxidizer  injec¬ 
tion  velocity  compared  to  previous  runs.  Although  the  tendency  for  forma¬ 
tion  of  deposits  in  the  Spiral  Swirl  remained  unproven  due  to  insufficient 
run  times,  other  factors,  such  as  the  difficulty  of  inspection  for  deposits 
and  of  disassembly  after  testing,  as  well  as  the  fact  that  it  is  less  com¬ 
pact  than  other  designs  tended  to  make  the  Spiral  Swirl  less  desirable  as 
the  choice  for  future  testing.  Consequently,  the  Modified  Turbulator 
appeared  to  be  the  most  suitable  candidate  for  use  in  the  remainder  of  the 
test  program,  as  it  performed  satisfactorily  in  the  low  pressure  range  and 
the  problem  of  some  deposition  at  high  pressures  appeared  solvable, 
d.  Runs  10  through  l8 

(u)  The  remaining  tests  basically  differed  from  those  performed 

earlier  with  respect  to  the  scale  of  the  combustor  and  the  type  of  exhaust 
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flow.  The  propellant  flow  rate*  through  each  nozzle  of  the  dual  chamber 
design  was  approximately  one-twentieth  the  flow  rate  for  corresponding 
conditions  of  pressure  and  o/f  ratio  in  the  first  nine  tests,  and  the  ex¬ 
haust  flow  was  subsonic  rather  than  supersonic.  The  reduction  in  scale 
could  enhance  any  effects  of  nozzle  plugging  due  to  deposits  or  nozzle 
throat  erosion.  The  time  required  to  reach  steady  state  conditions  during 
a  run  could  also  be  increased  because  of  the  greater  surf ace -to -volume 
ratio  resulting  from  the  increased  L*  of  the  reduced  scale  chamber.  The 
advantage  of  subsonic  exhaust  flow,  for  a  gas  generator  to  be  utilized  in 
air  augmentation,  was  the  high  static  temperature  of  the  exhaust  compared 
to  that  of  the  supersonic  streams  used  in  some  systems,  with  the  consequent 
greater  ease  of  ignition  of  the  exhaust  products  in  air. 

(u)  In  order  to  provide  simultaneous  arrival  in  the  chamber  of 

the  oxidizer  and  fuel  streams,  a  long  oxidizer  lead  was  indicated,  as 
required  by  the  time  for  filling  the  oxidizer  line  after  valve  opening. 

For  the  very  low  flow  rates  involved  in  Run  10,  the  oxidizer  lead  was 
2.15  sec.  For  Run  11  it  was  1.15  sec.  The  commencement  of  slurry  flow 
in  both  of  these  runs  was  accompanied  by  a  high  amplitude  pressure  pulse 
which  exceeded  1000  psia.  The  pulse  may  have  resulted  from  condensation 
of  CTF  on  the  interior  walls  of  the  chamber  before  initiation  of  slurry 
flow,  thereby  providing  at  initial  injection  of  the  slurry  an  instantaneous 
O/F  ratio  far  in  excess  of  the  steady  state  value  during  the  run.  Subse¬ 
quent  tests  indicated  that  the  ignition  pulse  could  be  eliminated  by  employ¬ 
ing  a  minimal  CTF  lead. 

(u)  Previous  tests  of  the  boron  slurry/CTF  gas  generators  had 

generally  been  accompanied  by  plugging  of  the  chamber  pressure  taps  by  un¬ 
burned  boron  with  the  attendant  loss  of  pressure  data.  In  an  attempt  to 
avoid  such  plugging  a  nitrogen  purge  system  for  the  pressure  taps  was  in¬ 
stalled.  The  purge  system  provided  a  low  flow  rate  of  nitrogen  through  the 
tap  into  the  chamber  during  firing  so  as  to  maintain  an  open  channel  from 
the  chamber  to  the  pressure  transducer.  The  nitrogen  flow  was  regulated  by 
an  orifice  and  a  preset  supply  pi-essure  so  as  to  provide  a  flow  rate  which 
was  a  very  low  percentage  of  the  propellant  flow  rate .  In  Run  10  the  nitrogen 
purge  was  employed  in  one  of  the  two  chambers.  The  purged  tap  remained  open 
throughout  the  8.0  second  run  and  permitted  an  adequate  measure  of  chamber 
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pressure.  The  purge  flow  rate  was  1.3/^  of  the  propellant  flow  rate  into 
that  chamber.  The  unpurged  tap  on  the  other  chamber  exhibited  moderate 
plugging  during  the  run.  The  pressure  taps  of  both  chambers  were  purged 
during  Run  11  at  1.8^  of  the  propellant  flow  rate  for  each  chamber.  Good 
pressure  response  was  obtained  from  both  chambers  until  the  last  half- 
second  of  the  run,  when  one  tap  gave  evidence  of  plugging.  Whereas,  in 
previous  tests  plugging  of  the  pressure  taps  was  to  be  expected,  in  nearly 
every  run  with  the  nitrogen  purge  system  reliable  pressure  data  was  obtained. 

(u)  The  primary  concern  in  conducting  the  series  of  checkout 

tests  of  the  dual  chamber  gas  generator  was  the  occurrence  of  deposits 
within  the  chamber.  In  Run  10  a  small  quantity  of  deposits  was  found  in 
the  chamber  incorporating  the  nitrogen  purge.  In  Run  11  a  considerable 
amount  of  deposition  occurred  in  both  chambers.  The  coincidence  between 
deposition  and  nitrogen  purging  suggested  the  possibility  of  an  influence 
of  the  nitrogen  upon  combustion,  either  by  a  physical  process,  such  as 
cooling  or  disrupting  the  reactants,  or  by  a  chemical  process,  as  by  forming 
boron  nitride.  In  regard  to  the  latter  point,  it  should  be  noted  that  boron 
nitride  does  not  generally  result  from  the  reaction  of  hot  boron  particles 
with  air. 

(C)  The  temperature  measured  in  the  subsonic  exhaust  tube  in 

Run  10  corresponded  to  1256®R.  The  theoretical  value  of  the  chamber  tempera¬ 
ture  for  the  nonequilibriura  combustion  situation  occurring  within  the  gas 
generator  should  be  approximately  l400°R.  Therefore  the  efficiency  of  com¬ 
bustion  is  seen  to  be  adequate  to  provide  the  desired  high  temperature 
exhaust  stream. 

(C)  The  next  three  tests  also  were  run  with  the  dual  chamber, 

having  manifolded  oxidizer  and  fuel  lines.  Run  12  was  satisfactory  in  all 
respects,  except  for  the  reduced  pressure  level  which  was  later  attributable 
to  the  increased  throat  area  resulting  from  erosion  on  the  previous  runs. 

Good  pressure  data  was  obtained  without  the  purge  of  ;the  pressure  taps  pre¬ 
viously  thought  necessary.  Run  13  was  the  first  attempt  for  a  pressure 
level  of  1000  psia.  Early  in  the  run  the  oxidizer  venturi  decavitated  as 
an  apparent  result  of  oxidizer  flow  stoppage  to  one  chamber  due  to  a  large 
rise  in  the  pressure  of  that  chamber.  Slurry  could  then  enter  the  oxidizer 
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line  anc’  trigger  a  reaction  within  the  line  upon  decrease  of  chamber  pres¬ 
sure  and  resumption  of  oxidizer  flow.  The  result  was  a  hurn-through  of 
the  oxidizer  line.  The  above  assimied  cause  of  the  hurn-tnrough  was  not 
evident  until  Run  l4,  when  a  repetition  of  the  run  conditions  resulted  in 
an  identical  failure.  An  examination  of  the  chamber  after  Run  13  revealed 
considerable  erosion  of  the  two  sonic  exit  ports.  Whereas  the  initial 
flow  angle  into  the  injection  tube  was  70  degrees,  the  erosion  resulted  in 
an  effective  angle  of  about  ^5  degrees. 

(C)  The  single  chamber  design  was  tested  in  Runs  15  and  l6  at 

moderate  chamber  pressure  (600  psia)  and  moderate  O/F  ratio  (0.3)*  It 
incorporated  a  triplet  injector  system  having  two  oxidizer  streams  to  pro¬ 
vide  more  uniform  mixing.  The  single  chamber  design  avoided  the  problem 
of  chamber  interaction  which  resulted  in  oxidizer  line  failure  in  the  pre¬ 
vious  two  runs.  The  single  chamber  was  found  to  be  subject  to  nozzle  plug¬ 
ging  to  the  extent  that  it  was  unsuitable  for  further  evaluation.  Another 
test  of  the  dual  chamber  (Run  17)  was  conducted  at  the  same  condition  of 
600  psia  and  o/P  =  0.3  in  order  to  compare  performance.  To  avoid  the 
earlier  problem  of  severe  chamber  interaction  an  orifice  was  placed  in 
each  of  the  oxidizer  injectors  to  provide  an  injector  pressui’e  drop  of 
100  psi  or  greater.  This  test  also  resulted  in  throat  plugging,  but  the 
oxidizer  flow  remained  constant,  indicating  that  the  increased  injector 
pressure  drop  was  effective.  Run  l8  utilized  a  modification  of  the  dual 

chamber.  The  modified  design  had  sonic  nozzles  with  twice  the  area  of  those 

of  the  initial  design,  and  incorporated  an  open  channel  connecting  the  two 
chambers.  This  design  ran  for  the  full  scheduled  duration  of  4.2  sec.  Post¬ 
run  examination  revealed  that  one  throat  was  nearly  completely  closed  by 
deposits,  and  the  interconnecting  channel  was  also  filled  with  deposits, 
e.  Runs  19  and  20 

(u)  It- became  evident  at  this  point  that  neither  the  single  nor 

the  dual  chamber  designs  resulted  in  a  workable  gas  generator.  An  apparent 

contributing  factor  to  the  deposit  buildups  was  the  low  flow  velocity  in  a 
chamber  with  circumferentifJ.  injection.  It  was  believed  that  a  chamber  having 
axial  injection  and  a  cross-sectional  area  sufficiently  small  to  provide  a 
moderate  flow  velocity,  while  not  pi-oviding  the  mixing  turbulence  of  the 
chambers  tested  to  date,  should  be  effective  in  eliminating  deposit  problems. 
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A  rocket  engine  injector  of  the  type  required  was  available  at  TMC  and  was 
suitable  for  low  o/F  ratios. 

(c)  It  was  feasible  to  utilize  this  existing  hardware  by  fabri¬ 

cating  a  sui  bable  graphite  chajiiber  liner  and  nozzle  in  the  manner  shown  in 
Figure  15-  Rims  ].9  and  20  were  conducted  with  this  axial  injection  configura¬ 
tion.  There  were  no  deposits  in  the  chamber  after  a  4.2  sec  run  at  a  high 
pressure  and  high  O/F  ratio.  There  was  a  7^  throat  area  increase,  which 
was  not  unexpected  as  a  result  of  the  zero  length  throat  design.  The 
following  run  (Run  20)  used  a  new  graphite  liner  and  tested  for  30  seconds 
duration  at  a  low  O/F  and  moderate  pressure.  Post-run  examination  of  the 
chamber  revealed  slight  deposits  in  the  nozzle  entrance  section.  For  this 
run  the  throat  area  had  increased  by  27  percent.  The  throat  erosion  could 
be  diminished  considerably  by  use  of  a  half-inch  long  cylindrical  throat 
and  most  likely  eliminated  with  a  silicon  carbide  coated  throat.  The  per¬ 
formance  of  the  axial  injection  design  appeared  to  be  satisfactory  at  the 
two  extremes  of  the  operating  range.  It  was  therefore  concluded  that  no 
further  gas  generator  testing  was  necessary  and  the  axial  injection  design 
would  be  utilized  in  the  air  augmentation  tests  with  a  cylindrical  throat 
section. 

2.  Exhaust  Sampling 

(U)  Sampling  of  the  exhaust  products  was  attempted  in  Runs  3 

and  4.  Photographic  coverage  indicated  that  the  momentum  of  the  exhaust 
stream  .'as  sufficient  to  deflect  the  gas  sampling  probe  to  the  periphery 
of  the  stream,  wliich  resulted  in  considerable  ingestion  of  air  into  the 
sampling  bottles.  The  weather  conditions  at  the  time  of  Run  4  were  such 
that  considerable  moisture  was  present  in  the  ingested  air,  making  the  gas 
sample  questionable  for  extensive  analysis. 

(u)  Particle  sampling  was  successfully  achieved  in  Run  3  "but 

not  in  Run  4  because  of  a  failure  of  the  traversing  mount  to  move  the  probe 
into  position  on  the  second  cycle  of  the  air  motor. 

(u)  Mass  distribution  sampling  was  unsuccessful  in  Run  3  because 

of  a  traversing  mount  malfunction  after  particle ■ sampling  and  in  Run  4 
because  of  the  one  cycle  delay  mentioned  above  which  lesulted  in  movement 
of  the  probe  into  position  after  engine  shutdown. 
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a.  Analyses  of  Solid  Samples 

(C)  To  analyze  and  interpret  the  solid  particles  that  were 

sampled  or  to  interpret  analysis  of  solid  deposits  in  the  engine,  it  was 
necessary  to  determine  the  character  of  the  solids  in  the  MARNAF  731  fuel 
that  was  being  used.  Two  batches  were  used  during  the  test  rune  of  inter¬ 
est.  The  two  batches  designated  -71  and  -72  were  certified  as  having  the 
following  measured  values  of  boron  content,  density  and  viscosity; 


Boron  Content 
Density 

Viscosity  at  1000  sec 


TMH-71-73  TMH-72-73 


72.6?^  72.7?^ 

1.466  g/cc  1.469  g/cc 


12  poise 


13.5  poise 


(u)  The  boron  content  of  the  total  fuel  is  composed  of  the 

below-listed  lots  of  The  American  Potash  and  Chemical  Company  (Trona)  90- 
92^  pure,  commercial  amorphous  boron  in  the  following  weight  percentages: 


Lot  #199 

12.325^ 

(made  8/7/67) 

Lot  #203 

46.32 

(made  8/9/67) 

Lot  #206 

27.60 

(made  8/11/67) 

Lot  #207 

11.58 

(made  8/14/67) 

Lot  #208 

2.18 

(made  8/14/67) 

(U)  As  an  expedient,  a  sample  of  boron  was  made  up  of  the  above 

lots  of  boron  in  their  stated  proportions  for  reference  and  for  analysis 


as  required;  and  this  sample  is  referred  to  as  "5-Combo  boron" .  An  analysis 
of  the  "5-Combo  boron"  sample  is  given  below,  on  the  basis  of  values  as 
listed  in  certificates  of  analysis  (furnished  by  Ampot  for  each  lot  of  boron), 
weighted  in  the  proportions  of  use  in  the  said  sample. 

Amorphous  Boron,  Ket  91*05^  (by -weight) 

Water-Soluble  Boron  0.25 

I-lagnesium  5*1 

Insoluble  in  0.35 

Moisture  and  Volatile  0.21 


(U) 

variation, 
from  90.7^ 


Average  Particle  Size  0.8  microns 

The  assay  values  for  the  five  lots  of  boron  show  little 
one  from  the  other.  For  instance,  the  net  boron  content  varied 
for  Lots  206  and  207  to  91*35^  for  Lot  208.  After  slurry  fuel 
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preparation,  check  values  of  the  "HgO^-insoluhle"  and  "water  soluble  boron" 
contents  of  "5-Coiiibo  boron"  were  0.4^  and  0.35^,  respectively.  Amounts  of 
these  impiurities  are  known  to  increase  sensitivity-with-handling  of  boron. 

(u)  Spectrographic  analysis  results  for  "5-Combo  boron"  and 

for  boron  slurries,  TMH-71-73  and  TMH-72-73,  are  listed  in  Table  II.  The 


increase  in  aluminum  content  of  the  fuels,  in  comparison  to  that  of 

boron,  is  due  to  the  slurry  fuel  processing. 

TABLE  II 

SPECTRaiRAPHIC  ANALYSIS  OF  BORON  AND  SLURRIES 

Element 

5-Combo  Boron 

TMH-71-73 

TMH-72-73 

B 

Matrix 

Matrix 

Matrix 

Si 

0.17 

0.15 

0.17 

fin 

0.09 

0.17 

0.09 

Fe 

0.35 

0.30 

0.20 

Cr 

0.04 

0.03 

0.02 

Ni 

o.o4 

0.03 

0.03 

A1 

0.04 

0.55 

0.50 

Ca 

0.35 

0.30 

0.30 

Ba 

<0.01 

0.02 

0.02 

Cu 

0.10 

0.07 

0.10 

Mg 

5 

5 

5 

Na 

<0.03 

<0.03 

<0.03 

Values  above  are  in  weight  percent. 


(U)  Fnotomicrographs  of  TMH-71-73  and  TMH-72-73  are  shown  at 

600X  magnification  in  Figure  24.  The  particle  sizes  and  distributions  in 
the  photomicrographs  are  characteristically  representative  of  Trona  90  to 
925^  pure  amorphous  boron. 

(C)  From  Run  3,  at  o/F  =  0.1,  a  sample  of  particles  was  collected 

by  means  of  the  particle  sampler-impingemfant  collector  apparatus.  After 

filtration  of  the  total  (impinger)  aqueous  suspension  and  after  drying  over 

P  0  ,  the  particle  sample  amounted  to  1.24  grams  of  finely  divided  particles. 

2  5 

-56- 

CONFIDENTIAL 


CONFIDENTIAL 


Neg.  8964-2  90  X  Neg.  8964-3  600  X 

BATCH  ™H-71-73  BATCH  TMH-71-73 


Neg.  8964-4  90  X  Neg.  8964-5  600  X 

BATCH  TiVIH-72-73  BATCH  TI\/lH-72-73 


CONFIDENTIAL 


The  (Lmpinger)  aqueous  filtrate  was  found  to  have  a  pH  of  2.65,  probably 
due  to  HF  and/or  HCl  absorption  during  the  run.  Because  of  the  small  size 
of  the  sample  of  particles,  only  a  few  analyses,  in  duplicate,  were  carried 
out,  with  the  following  results: 

Total  boron:  87. 0  weight  ^ 

Water-soluble  boron:  0.1  " 

"HgOg-insolubles":  11.2  " 

Total  magnesium:  3-8  " 

(C)  X-ray  diffraction  analysis  of  the  insoluble"  residue 

showed  a  small  amount  of  Bj^C  in  a  characteristic  amorphous  boron  matrix. 
Hence,  it  is  doubtful  that  the  HgO^- insoluble  residue,  in  the  main,  could 
be  accounted  for  as  Bj^C.  Spectrographic  analysis  of  the  exhaust  particle 
sample  collected  from  Run  3  is  given  below: 


:ments 

Weight  ^ 

Elements 

Weight  io 

B 

Matrix 

Ba 

0.01 

Si 

0.1 

Mn 

0.05 

Fe 

0.3 

Or 

0.02 

Mg 

5.0 

Ni 

0.02 

A1 

0.6  ■ 

Cu 

0.1 

Ca 

0.03 

Ag 

0.003 

(U)  This  analysis  is  typical  of  analyses  of  MARNAF  731  fuels, 

as  is  evident  from  comparison  with  analysis  of  the  fuel  (TMH-73-TI  and 
TMH-73-72)  shown  in  Table  II. 

(C)  In  optical  microscopy  examination  (see  Figure  25)^  the 

exhaust  particles,  while  able  to  be  dispersed  similarly  to  the  original 
boron  in  slide  preparation,  exhibited  an  amount  of  abrasiveness  beyond  that 
usually  found  with  amorphous  boron.  This  abrasiveness,  as  shown  by  the 
exceptionally  large  amount  of  scratching  of  the  glass  slide  (in  Figure  25) 
is  probably  due  to  the  extremely  hard  and  abrasive  material,  Bj^C,  in  the 
sample.  There  was  no  evidence  of  crystallinity  in  the  sample,  beyond  small 
indications  usually  found  with  amorphous  boron. 

(c)  From  the  ■"oregoing  ar-f lysis  (on  a  small  particle  sample), 

the  net  elemental  boron  content  of  the  sample  cannot  be  ascertained  for 
reason  of  the  unusually  large  amoimt  of  H^Og- insolubles  —  11.2^  as  compared 
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90  X 


PARTICLE  SAMPLER- IMPINGEMENT  COLLECTOR  SAMPLE 

OF  EXHAUST  SOLIDS,  RUN  #3  {0/F  =  0.1) 


R-25,382 
Neg,  8964-1 


Figure  25 
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to  0.25^  in  amorphous  boron,  as  received.  There  is  no  established  method 
for  determining  net  elemental  boron  in  the  circumstance  of  high  "HgOg- 
insolubles".  (in  the  American  Botash  and  Chemical  Company  scheme  of  analy¬ 
ses,  "water  soluble  boron",  or  boron  as  higher  oxides,  is  subtracted  from 
"total  boron"  to  obtain  elemental  (net)  boron.  It  is  evident  that  at  least 
one  material  found  in  the  “i^Og-insolubles",  namely  Bj^C,  would  be  digested 
in  the  total  boron  analysis  method  and  could  erroneously  be  accounted  for 
as  elemental  boron.) 

(C)  The  composition  of  the  11.2^  H^O^- insoluble  content  of  the 

exhaust  particle  sample  is  also  unresolved.  X-ray  diffraction  patterns  of 
this  residue  material  (from  and  HNO^  digestion)  indicate  only  a  small 
amount  of  Bj^C  and  no  other  crystalline  material.  Moreover,  spectrographic 
analysis  of  the  indicates  a  close  similarity  to  boron  slurry 

It  is  possible  that,  in  the  main,  this  residue  material  is  amorphous  carbon 
or  carbon  in  solution  or  chemical  combination  with  boron.  This  carbon  would 
be  undetected  by  carbon-electrode  emission  spectrography  and  would  be  expec¬ 
ted  to  be  insoluble  in  H202-insoluble  assays.  Unfortunately,  there  was 
insufficient  sample  to  permit  a  total  carbon  assay.  Briefly  stated,  carbon 
in  solution  in  boron  and/or  in  combination  with  boron  (as  "subcarbides" 
such  as  might  account  for  a  large  part  of  the  HgO^- insolubles  in  the 

exhaust  particle  sample  of  Run  3* 

(C)  The  total  magnesium  content  of  the  exhaust  particle  sample, 

in  ratio  to  the  total  magnesium  content  of  the  boron  as  received,  is  an 
indicator  of  the  degree  of  exposure  of  boron  to  temperatures  above  2100 °F. 
(in  explanation  of  the  above  statement,  magnesium  in  Moissan-process  S0-^2$ 
pure,  commercial  boron,  is  believed  to  occur  mostly  as  magnesium  boride 
species,  with  minor  amount  of  oxide  present.  The  lower  magnesium  borides, 
MgBg,  MgB|^,  decompose  below  2100°F  to  give  B  and  Mg,  and  elemental  magnesium 
is  boiled  off  at  2100 °F  and  above.)  In  the  case  of  the  exhaust  particle 
sample  of  Run  3,  the  spectrographic  analysis  (accurate  to  ^1^  magnesium) 
indicated  5/^  magnesium;  the  wet-chemistry  assay  (on  very  small  samples  in 
duplicate)  indicated  3*8^  magnesium — for  comparison  with  a  ’^•1$  magnesium 
content  of  the  elemental  boron  as  received.  The  probability  of  error  in 
both  types  of  assay  of  magnesium  in  the  exhaust  product  sample,  leaves 
unresolved  whether  or  not  magnesium  was  vaporized  out  of  the  boron,  and  corre 
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latively ,  whether  or  not  the  boron  was  heated  to  above  2100°?  for  a  signifi¬ 
cant  period. 

(c)  In  summary,  analytical  evidence  from  the  exhaust  particle  sample 
of  Run  3  indicates  some  unaccountability  of  boron  (as  much  as  4^)  and  some 
conversion  of  elemental  boron  to  Bj^C  and  perhaps  to  other  carbides.  There  is 
no  evidence  for  increased  boron  oxide  formation;  nor  is  there  direct  evidence 
of  significant  loss  of  heating  value  (assuming  significant  amounts  of  carbon 
and  carbides  present  and  assuming  the  subsequent  burning  of  carbon  and  boron 
carbides  in  ramjet  modes  of  combustion). 

b.  Analyses,  Engine  Deposits,  Run  3  (o/F  =0.1  and  Run  4 

Q/F  =  0.^) 

(u)  Samples  of  engine  deposit  materials  from  Run  3  and  Run  4  were 

characterized  as  follows,  prior  to  assay: 

1.  Run  3,  E.D.  (engine  deposit)  Sample  1:  A  black  solid 
with  obvious  fine,  grayish  material  fairly  uniform  peppered  throughout,  except 
at  top  and  bottom  surfaces;  contoured  to  internal  engine  wall  geometry;  3/8" 
in  thickness;  a  hard  cohesive  mass  showing  granular,  rough  fracture;  diffi¬ 
culty  crushable  to  powder  in  steel  dies;  extremely  abrasive. 

2.  Run  3^  E.D.  Sample  2:  A  brown-black  material,  more 
easily  crushable  than  E.D.  Sample  1  and  containing  much  less  gray  inclusion; 
contoured;  about  1/8"  thick. 

3«  Run  4,  E.D.  Sample  1:  Description  identical  to  Run  3> 

E.D.  Sample  1. 

4.  Run  4,  E.D.  Sample  2:  Description  identical  to  Run  3, 

E.D.  Sample  2. 

E.D.  Sample  1-type  material  is  in  much  greater  abundance  than  E.D.  Sample  2- 
type  material.  Spectrographic  analysis  results  for  the  four  sajnples  are  listed 
in  Table  III. 

(u)  X-ray  diffraction  patterns  show  Bj^C  to  be  present  in  moderate- 

to-large  amounts  in  each  of  the  four  samples.  The  patterns  give  no  other  evi¬ 
dence  of  crystalline  material.  The  Bj^C  appears  to  be  most  prominent  in  Run 
4,  E.D.,  S-1  and,  secondly,  in  Run  3;  E.D.,  S-2.  Figure  26  is  an  X-ray  dif¬ 
fraction  pattern  of  Sample  Run  4,  E.D.,  S-1.  Each  metallic  compound  gives  an 
X-ray  diffraction  pattern  characteristic  of  that  particular  material.  Boron 

O  ®  O 

carbide  has  several  predominant  spectral  lines  such  as  at  1.44A,  2.38A,  2.56A 
3.82A  and  4.O3A.  Since  these  lines  appear  on  Figure  26,  it  can  readily  be  con¬ 
cluded  that  that  sample  was  predominantly  B^j^C . 
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TABLE  III 


Element 

SPECTROGRAPHIC  ANALYSIS  OF  ENGINE  DEPOSITS 

Run  #4 

E.D. ,  S-2 

Run  #3 
E.D. ,  S-1 

Run  #3 

E.D. ,  S-2 

Run  #4 

E.D. ,  S-1 

B 

Matrix 

Matrix 

Matrix 

Matrix 

Si 

0.12 

0.15 

0.11 

0.08 

Mn 

0.17 

0.13 

0.12 

0.13 

Fe 

0.30 

0.25 

0.37 

0.20 

Cr 

0.03 

0.02 

0.03 

0.02 

N1 

0.03 

0.03 

0.17 

0.03 

A1 

0.40 

0.40 

0.40 

0.50 

Ca 

0.20 

0.30 

0.15 

0.30 

Ba 

<0.01 

0.02 

<0.01 

0.01 

Cu 

0.06 

0.05 

0.05 

0.05 

Mg 

3 

4 

2 

5 

Na 

<0.03 

<0.03 

<0.03 

<0.03 

Values 

above  are  in  weight  percent. 

(u) 

Chemical  assays  on  additional  engine  deposit  samples  (which 

were  similar 

in  description  to  samples  E.D.,  S-1 

.  of  both  runs 

)  gave  the 

following  results: 

Run  3 

Run  4 

Item 

E.D.,  S-IA 

S-IA 

Water-Soluble  Boron  0.l4^ 

1.5^ 

HgOg-Insolubles 

86.8 

80.8 

Carbon 

13.3 

15.9 

(u) 

X-ray  diffri 

action  patterns  of  residues  of  the 

above  samples 

after  H  O  -insolubles  assay 

again  revealed  moderate-to-large 

concentrations 

of  material  identified  as  B.C  and  no  other  crystalline  materials. 

(c) 

Comparisons 

of  Tables  II  and  II3 

;  of  spectrographic  data  show 

no  large  changes  in  aluminum  and  in  trace  elements  in  the  transition  from 

boron  slurry  fuel  to  engine 

deposit  s .  However , 

significant  decreases  in  the 

magnesium  contents  of  E.D., 

S-1  types  of  engine 

deposits  imply  that  these 

deposits  were  exposed  to  heating  above  2100 °F. 

The  "water-soluble  boron" 

content  of  sample  Run  3^  E.D.,  S-1  is  consistent  with  the  water-soluble 
contents  of  the  original  boron  in  the  slurry  fuels  and  with  the  exhaust 
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particle  sample  of  Run  3  and  indicates  essentially  no  air  oxidation.  The 
"water-soluble  "boron"  content  of  Run  h,  E.D.,  S-1,  however,  gave  an  mi- 
expectedly  high  value  of 

(U)  The  high  values  of  H^O^-insolubles  and  carbon  content  of 

the  engine  deposits  of  Run  3  and  Run  4  connote  that  these  deposits  are 

composed  largely  of  materials  in  the  categories  of  B|^C,  other  boron-carbon 

chemical  combinations,  boron-carbon  solutions,  and  admixtures  of  boron  and 

carbon,  (if  the  boron  and  carbon  were  in  combination  entirely  as  Bj^C,  this 

latter  material  would  comprise  Sl.&ja  and  73*95^  of  sample  Run  E.D.,  S-1 

and  Run  4,  E.D.,  S-1,  respectively.) 

(u)  Inference  of  moderate-to-large  amounts  of  Bj^C,  as  shown 

by  the  X-ray  diffraction  patterns,  may  be  rather  misleading  for  the  reason 

that  the  formation  of  B.C  is  favored  only  within  a  narrow  range  of  tempera- 

tures,  approximately  3900  to  4l00°F'  .  Reactions  to  form  Bj^^C  are  slow  at 

temperatures  less  than  3900°F;  Bj^C  reverts  to  lower  carbides  and  to  its 

elements  at  temperatures  above  4l00°F.  Also,  the  X-ray  diffraction  pattern, 

i.e.,  d-spacings  and  intensities  that  are  presently  attributed  to  Bj^C,  may 

be  stable  over  a  whole  range  of  composition,  perhaps  from  carbides  of  lower 

(3) 

composition  than  to  B^^C^  • 

(u)  In  summary,  the  analyses  of  engine  deposits  of  Run  3  and 

Run  k  are  broadly  explanatory  of  deposition  occurrences  associated  with 
particular  engine  designs  and  conditions  of  operation.  These  analyses 
were  not  carried  to  a  further  degree  of  completeness  for  the  reason  that 
later  engine  designs  produced  little  or  no  deposits  and  further  emphasis 
was  not  warranted. 

c .  Gas  Sample  Analysis  (Runs  3  and  4) 

(U)  Three  gas  samples  were  obtained  in  each  run,  one  for  each 

of  the  sampling  ports  on  the  probe.  The  samples  were  received  in  <^<1.2 
liter  steel  pressure  cylinders  eq,uippsd  with  toggle  valves  and  pressure 
indicators.  The  pressures  under  which  the  samples  were  obtained  varied 
from >^5. 8"  Hg  to '''21.1"  Hg.  The  cylinders  were  attached  one  by  one  to  a 
high  vacuum  line  via  a  l/4"  Swagelok  fitting  and  the  volume  above  the  toggle 
valve  was  evacuated  to  better  than  10~^  mm  Hg.  Then  the  contents  of  the 
cylinder  were  expanded  through  a  7  nun  O.D.  liquid  nitrogen  cooled  glass 
spiral  into  an'- 1.0  liter  expansion  volume,  which  was  also  cooled  with  liquid 
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nitrogen.  This  expansion  was  necessary  due  to  the  relatively  high  cylinder 
pressures  caused  by  the  large  quantities  of  air  present.  Without  expansion 
the  removal  of  condensible  materials  from  the  noncondensible  gases  would 
not  have  been  quantitative. 

(U)  Following  the  expansion,  the  noncondensible  gases  were 

collected  in  a  Sprengel  pump,  after  being  passed  through  two  liquid  nitrogen- 
cooled  U-traps,  measured,  and  transferred  into  an  ampoule  for  mass  spectro¬ 
scopic  analysis.  The  condensible  materials,  after  removal  of  the  noncon¬ 
densible  components,  were  collected  by  distillation  into  a  U-trap  and  were 
separated  into  a  liquid  nitrogen,  -T8°C,  and  if  necessary  a  fraction 

by  passing  the  materials  from  a  warming  trap  through  traps  kept  at  -^7°^ 

-78°,  and  -196°C.  The  individual  fractions  then  were  measured  (the  -196°C 
fraction  by  volume,  the -78°  and  -74'’C  fractions  by  weighing)  and  analyzed 
by  infrared  and  mass  spectroscopy  and  by  gas  chromatography. 

(u)  The  noncondensible  materials  were  analyzed  by  conventional 

quantitative  mass  spectroscopic  techniques.  The  instrument  was  calibrated 
immediately  prior  to  analysis  for  all  the  components  of  the  samples. 

(U)  The  liquid  nitrogen  fractions  were  analyzed  by  a  combina¬ 

tion  of  quantitative  mass  (COg)  and  infrared  (SiTj^^)  spectroscopy  and  gas 
chromatography  (remainder  of  components).  The  infrared  spectrometer  was 
calibrated  with  a  sample  of  silicon  tetrafluoride  of  known  purity  (VP  go 

=  125.0  mm;  lit.^^^  II8  mm).  In  the  gas  chromatographic  analysis  a  double 

(5) 

column  technique  was  employed  '  '  which  makes  the  separation,  identification, 
and  determination  of  saturated  as  well  as  unsaturated  hydrocarbons  possible. 

The  gas  chromatograph  was  calibrated  prior  to  performing  the  analyses  with 
standard  samples. 

(U)  The  -78°C  fractions  were  analyzed  by  combination  of  gas 

chromatography  and  infrared  spectroscopy.  In  view  of  the  relative  low  vapor 
pressure  of  these  fractions,  gas  chromatography  had. to  be  done  on  pentane 
solutions.  Infrared  spectroscopy  was  performed  on  liquid  samples  using  0.1  . 
ram  liquid  cells.  Inasmuch  as  triraethylhexane  was  the  main  component,  both 
the  gas  chromatograph  and  infrared  spectrometer  were  calibrated  using  pure 
triraethylhexane.  In  addition  to  the  -78°C  fractions,  the  condensible  materials 
from  Run  4  also  contained,  relatively  large  amounts  of  water  (19.5  nig  from 
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position  1,  263.6  mg  from  position  3)  as  determined  by  vapor  pressure 
measurements  and  infrared  spectroscopy. 

(u)  The  presence  of  large  quantities  of  air  interfered  some¬ 

what  with  the  analyses  insofar  as  only  small  amounts  of  products  were 
available.  In  addition  there  were  indications  that  a  portion  of  the  oxygen 
in  the  air  reacted  with  the  original  reaction  products  since  the  ratios 
of  ^2'^ 2  analyzed  samples  were  somewhat  higher  than  in  air. 


(u)  In  Run  4,  both  samples  contained  such  large  concentrations 

of  acetone  that  the  condensible  fractions  could  not  be  analyzed.  The 
acetone  was  a  residual  of  the  cleaning  process  prior  to  sampling.  In  addi¬ 
tion,  it  was  impossible  to  analyze  the  liquid  nitrogen  fractions  of  Run  3 
completely.  In  positions  2  and  3  the  total  analyzed  for  amounted  to  only 
535^  and  63^,  respectively.  The  technique  employed  for  analysis  has  been 
proven  consistently  to  give  results  of  better  than  This  discrepancy 

is  at  present  unexplainable.  It  may,  however,  be  connected  with  the  fact 
that  in  none  of  the  analyses  conducted  to  date  was  it  possible  to  detect 
any  boron  containing  species.  From  thermodynamical  calculations  it  is  to 
be  expected  that  BF^  and  BCl^  are  the  main  boron  containing  species  under 
the  conditions  of  the  experiment.  Both  should  be  easily  detected  by  either 
infrared  or  mass  spectroscopy,  provided  no  hydrolsis  occurred.  However, 
the  detection  of  SiFj^  in  the  liquid  nitrogen  fractions  of  Run  3  strongly 
points  to  the  fact  that  hydrolysis  has  occurred.  Under  the  conditions 
employed  for  sample  transfer  any  HF  formed  by  hydrolysis  of  BF^  would  react 
with  the  pyrex  glass  of  the  high  vacuum  line  forming  SiFj^. 

(U)  The  quantities  of  SiFj^  determined  in  the  samples  from 

positions  2  and  3  of  Roii  3>  however,  are  too  small  to  account  for  the  quanti¬ 
ties  of  CIF^  employed.  In  addition,  no  HCl  could  be  detected,  which  should 
be  formed  concurrently  with  HF  through  hydrolysis  of  ECl^  or  mixed  boron 
chlorofluorides.  Based  on  the  fact  that  some  hydrolysis  has  occurred  (pre¬ 
sence  of  SiFj^)  it  can  be  suspected  that  in  the  presence  of  water  the  boron 
containing  products  have  reacted  inside  the  pressure  cylinders  resulting 
in  involatile  products. 

(u)  To  make  the  results  of  the  analyses  of  the  different  fractions 

(noncondensibles,  -196°  and  -T8®C  fractions)  easier  to  compaire,  the  quantities 
of  the  compounds  analyzed  in  Run  3  are  given  in  mmoles  in  Table  IV  and  are 


-66- 

UNCLASSIFIED 


CONFIDENTIAL 


TABLE  17 

COMPOSITION  OF  PRODUCTS  OF  RUN  3 


Position 


1 

2 

3 

* 

mmoles 

% 

mmoles 

% 

mmoles 

% 

CH^ 

0.0279 

4.37 

0.5390 

13.34 

0.5480 

13.08 

«2 

0.2002 

31.34 

1.8407 

45.55 

2.0085 

47.93 

^2^6 

0.0022 

0.34 

0.0171 

0.42 

0.0234 

0.56 

C2H4 

0.0197 

3.08 

0.1876 

4.64 

0.2513 

6.00 

C2H2 

0.0210 

3.29 

0.2040 

5.05 

0.2393 

5.71 

0.0005 

0.08 

0.0053 

0.13 

0.0057 

0.14 

S"6 

0.0077 

1.21 

0.0984 

2.45 

0.0923 

2.20 

V10 

0.0001 

0.01 

0.0136 

0.34 

0.0131 

0.31 

¥12 

d) 

- 

0.0007 

0.02, 

0.0011 

0.03 

SiF4 

c) 

- 

0.0l40 

0.55 

0.0151 

0.56 

O.OS98 

l4.06 

o.o4o9 

1.01 

0.i4i9 

3.39 

Unsaturates 

0.0046 

0.72 

0.0238 

0.59 

0.0157 

0.33 

Not  analyzed  -196°C 

0.0118 

1.85 

0.5065 

12.53 

0.5905 

9.32 

Not  analyzed  -78°C 

0.0626 

9.80 

0.0545 

1.34 

0.0884 

2.11 

Trimethyl  hexane 

0.1906 

29.84 

0.4954 

12.26 

0.3586 

8.56 

Total 

0.6387 

99.99 

4.o4i5 

100.00 

4.1909 

100.03 

^tnmoles  =  moles  x  10 

a)  Average  assumed  molecular  weight  =  81.3 

b)  Average  assumed  molecular  weight  =  130 

c)  Not  detected 

_4 

d)  <10  mmole 
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in  the  same  table  recalculated  as  percents  of  the  total  gas  volume  of  the 
reaction  products.  From  the  tabulation,  it  is  evident  that  there  is  con¬ 
siderable  methane,  hydrogen  and  vaporized  TMH  in  the  exhaust.  These  gaseous 
species  should  readily  combust  in  the  afterburner  and  raise  the  local  tempera¬ 
ture  sufficiently  to  burn  the  solid  boron  particles. 

* 

E.  DISCUSSION  OF  GAS  GENERATOR  RESULTS 

(U)  Following  Phase  I,  the  gas  generator  design  employed  in  Runs  19 
and  20  was  incorporated  into  the  'ir  augmentation  hardware  and  testing  was 
resumed.  The  gas  generator  design  remained  essentially  unchanged  during 
the  remainder  of  the  program,  which  included  testing  with  both  CTF  and  BEP 
oxidizers.  During  many  of  the  air  augmentation  tests,  performance  measure¬ 
ments  (pressure  and  temperature)  were  made  on  the  gas  generator,  and  these 
results  along  with  those  made  during  Runs  I9  and  20  are  included  and 
discussed  in  this  section. 

(C)  Figure  27  shows  the  relationship  between  gas  generator  chamber 
pressure  (normalized)  and  o/F  ratio.  Shown  are  both  theoretical  and  experi¬ 
mental  data.  The  CTF  nonequilibrium  curve  corresponds  to  the  condition  that 
the  TMH  vaporizes  rather  than  degrading  into  simpler  hydrocarbons.  Only  a 
small  portion  reacts  with  the  CTF.  Although  this  does  not  represent  the 
true  combustion  process,  wherein  hydrocarbons  are  formed,  it  does  illustrate 
the  magnitude  of  deviations  from  equilibrium  performance  that  could  be  en¬ 
countered  in  an  actual  gas  generator  operating  at  very  low  O/F  ratios. 

(C)  The  data  for  the  axial  injection  gas  generator  using  CTF  are  seen 
to  fall  along  the  dotted  line  slightly  below  the  presented  nonequilibrium 
line.  Although  not  shown,  the  data  for  the  low  L*  (L*  =25)  full  scale  gas 
generator  (Configuration  I-A)  would  also  fall  on  this  dotted  line. 

(C)  The  bromijie  pentafluoride  data  would  be  expected  to  lie  below 
that  of  CTF,  based  upon  the  position  of  the  equilibrium  curve.  However, 
the  data  are  found  to  coincide  with  that  of  CTF  in  the  o/F  ratio  region  of 
interest.  If  the  experimental  data  are  parallel  to  the  theoretical  curves, 
the  experimental  data  lines  for  CTF  and  BiF  would  cross  as  shown  in  Figure 

27. 
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(C)  Figure  28  is  a  cross  plot  of  Figure  27  and  shows  the  expected 
flow  rates  required  to  achieve  a  given  chamber  pressure  with  either  GIF  or 
BEF  for  the  axial  injection  gas  generator  used  during  Runs  19  and  20  and 
the  air  augmentation  tests. 

(c)  Figure  29  shows  the  gas  generator  exhaust  temperature  as  a  function 
of  O/f  ratio.  The  theoretical  curve  for  CTF  at  an  O/F  >0.15  is  based  upon 
equilibrium  chemistry.  At  o/F  <  0.10,  the  prediction  is  based  upon  the  non¬ 
equilibrium  case  incorporating  enforced  vaporization  of  the  TMH.  The  theo¬ 
retical  curve  for  BiF  corresponds  to  full  equilibrium  chemistry. 

(c)  As  the  gas  generator  exhaust  stream  is  caused  to  impinge  upon 
a  blunt  target,  it  would  be  expected  that  the  temperature  of  the  resulting, 
near  stagnant  stream  could  be  approximated  as  nearly  equivalent  to  the  total 
temperature  of  the  exhaust  stream,  and  therefore  to  the  expected  chamber 
temperature  at  the  exhaust  pressure.  The  reference  pressure  for  the  theore¬ 
tical  curves  has  been  selected  as  200  psia  since  this  approximates  the  gas 
generator  exhaust  pressure  for  sea  level  afterburner  testing. 

(c)  At  low  altitude  conditions  the  CTF  and  BIF  systems  appear  to  be 
equivalent  in  exhaust  product  temperature  at  the  same  o/F  ratio,  if  the 
extrapolations  can  be  considered  valid.  At  high  altitude  conditions,  where 
the  afterburner  pressure  is  40-50  psia,  a  greater  deviation  from  the  theore¬ 
tical  curves  would  be  expected.  Such  is  evident  from  the  data.  At  the  low 
pressure  conditions  there  is  a  decided  difference  in  the  temperatures 
achieved  with  CTF  and  BIF,  which  is  approximated  by  the  difference  in  the 
theoretical  curves.  The  lower  heat  transfer  rate  to  the  measuring  thermo¬ 
couple,  at  the  low  pressure  conditions,  may  account  in  part  for  the  lower 
indicated  temperatures.  The  thermocouples  protruded  only  l/h  inch  out  of 
the  surface  of  the  graphite  wall,  and  therefore  the  wall  could  serve  as  a 
heat  sink  which  would  further  lower  the  indicated  temperature. 
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V 

AIR  AUaffiECED  COMBUSTION  DEMQNSTRATICN 

A.  GENERAL  REQUIREMEINTS 

(U)  The  purpose  of  a  secondary  ccmbustor  system  is  to  react  the 
exhaust  products  from  the  primary  gas  generator  with  air  in  the  secondary 
combustor  and  produce  thrust.  To  accomplish  this  task  in  an  efficient 
manner,  certain  geometrical  constraints  consistent  with  the  requirements 
of  the  ultimate  application  of  the  propulsion  system  are  required.  In 
addition  to  the  production  of  efficient  afterburner  combustion  efficiency, 
the  afterburner  design  should  permit  operation  over  a  wide  O/F  ratio  band, 
wide  air-to-propellant  ratio,  wide  Mach  number  and  altitude  range,  possess 
good  afterburner  autoignition  characteristics,  preclude  significant  de¬ 
posit  buildup  and  be  durable  enough  to  permit  experimental  testing. 

(c)  Under  the  subject  program,  testing  was  to  be  conducted  primarily 
under  low  altitude  conditions  that  corresponded  to  Mach  2.9  at  500  foot 
altitude .  Limited  tests  would  be  conducted  at  altitudes  up  to  ^0, 000 
feet.  The  afterburner  air-to-propellant  ratio  was  to  vary  from  20  to  1 
to  kO  to  1  with  emphasis  being  placed  on  the  40  to  1  case.  The  primary 
O/F  ratio  range  was  to  be  selected  from  the  Phase  I  tests  but,  in  general, 
the  low  O/F  ratio  range  where  afterburner  autoignition  could  be  assured  was 
to  be  emphasized. 

(u)  The  fuel  used  in  all  tests  was  MEMF  731.  Most  tests  used 
chlorine  trifluoride  as  the  gas  generator  oxidizer  but  some  comparative 
testing  was  done  using  bromine  pentafluoride  as  the  oxidizer.  Bromine 
pentafluoride  was  used  because  of  its  high  density  which,  under  some  cases, 
offers  system  advantages. 

3.  TEST  HARDWARE 

(U)  1.  Gas  Generator 

The  gas  generator  employed  during  the  air  augmentation  tests 
had  the  same  internal  geometry  as  that  employed  during  Runs  19  and  20  of 
Phase  I.  Even  though  the  performance  of  the  gas  generator  was  not  documented 
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over  a  wide  range  of  conditions  during  Phase  I,  its  performance  was  sufficiently 
encouraging  during  Runs  1$  and  20  to  warrant  initiation  of  the  Phase  II  tests. 
Figure  30  shows  how  the  axial  injection  gas  generator  was  incorporated  in  the 
earlier  gas  generator  housing  that  permitted  attachment  to  the  afterburner 
ducting.  It  had  initially  been  planned  to  use  two  impinging  jets  in  a  blast 
tube  similar  to  that  shown  in  Figure  12.  This  approach- would  require  two  small 
gas  generators  and  it  was  believed  that  an  effect  similar  to  impinging  jets 
could  be  achieved  with  a  "target"  located  downstream  of  a  single  gas  generator, 
the  exhaust  of  which  impinged  upon  the  target.  A  flight  weight  gas  generator 
would  be  much  smaller  in  outside  diameter  than  that  used  during  this  test 
program.  One  minor  modification  that  was  made  to  the  gas  generator  lines  after 
the  Phase  I  tests  was  the  addition  of  a  straight  section  of  throat  at  the  gas 
generator  exit  to  minimize  throat  erosion. 

(u)  2.  Secondary  Combustor 

On  the  subject  program,  the  afterburner  geometry  was  specified 
with  respect  to  scale  and  relative  dimensions  in  order  to  permit  an  Air  Force 
comparison  of  the  experimental  results  with  those  of  other  Air  Force  sponsored 
programs  utilizing  solid  and  hybrid  propellant  technology.  These  geometrical 
constraints  are  svimmarized  below. 


Component  Description 

Inlets  Two,  l80®  apart 

Dump  Mach  Number  0»k 

Air  Injection  Angle  6o® 

Afterburner  l/d  3*2 

Afterburner  Diameter  7*0  inches 

Afterburner  Nozzle  Contraction  Ratio  i^•.05 

Nozzle  Expansion  Ratio  2.6 

(u)  The  exhaust  products  from  the  gas  generator  were  to  enter  sub- 

sonically  from  the  center  of  the  afterburner.  The  resultant  hardware,  employing 
the  above  constraints,  is  shown  in  Figure  31*  The  hardware  was  cooled  by 
spraying  water  on  its  exterior  and  also  was  lined  with  a  modified  aluminum  oxide 
refractory  material  for  thermal  protection.  The  Marquardt  developed  refractory 
coating  is  designated  as  P-150.  The  convex  surface  at  the  forward  end  of  the 
combustor  also  was  lined.  The  afterburner  exhaust  nozzle  was  fabricated  from 
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graphite  and  was  coated  with  a  thin  layer  of  a  Marquardt  silicon  carbide  coating 
known  as  RM  005*  This  silicon  carbide  layer  effectively  prevented  erosion  of 
the  graphite  for  the  full  series  of  afterburner  tests. 

(u)  In  keeping  with  the  program  objective  of  obtaining  good  after¬ 

burner  autoignition  and  combustion  efficiency  at  minimum  primary  o/F  ratios, 
the  afterburner  geometry  shown  in  Figure  31  was  reviewed.  System  studies 
showed  that  the  overall  specific  impulse  of  a  ducted  rocket  would  increase  as 
the  o/f  ratio  of  the  primary  decreased.  However,  it  was  recognized  that  decreasing 
the  primary  o/F  ratio  would  decrease  the  primary  exhaust  temperature,  which  would 
limit  the  minimum  o/F  ratio  of  operation.  This  limit  may  be  higher  than  desired 
for  the  geometry  of  Figure  31  owing  to  the  combustion  quenching  efforts  asso¬ 
ciated  with  very  rapid  mixing.  Previous  experience  with  ramjet  birrners  indi¬ 
cated  that  improved  performance  might  be  obtainable  if  a  recirculation  zone 
were  provided  near  the  forward  end  of  the  combustor.  This  recirculation  zone 
would  act  as  a  "piloting"  zone  of  relatively  low  air  velocity  which  would 
promote  ignition  of  the  incoming  fuel. 

(u)  As  a  result  of  this  analysis,  flexibility  was  designed  into 

the  hardware  to  permit  the  incorporation  of  a  recirculation  zone  at  the  forward 
end  of  the  afterburner.  This  flexibility  and  the  design  with  the  recirculating 
zone  at  the  forward  end  of  the  combustor  are  shown  in  Figure  32.  The  initial 
geometry  was  designed  with  a  short  spool  section,  as  part  of  the  combustor, 
located  just  upstream  of  the  afterburner  exit  nozzle.  For  the  backup  design, 
this  short  spool  could  be  removed  and  located  just  ahead  cf  the  inlets.  This 
in  effect  moved  the  inlets  downstream  3^  inches,  and  by  miking  the  forward 
dome  concave  instead  of  convex,  a  stable  piloting  region  could  be  created. 

This  modification  did  not  change  the  overall  length  of  the  system  and  there¬ 
fore  would  not  violate  overall  missile  constraints.  Both  designs  were  experi¬ 
mentally  eval.uated. 

(U)  3*  Instrumentation  and  Control 

Instrumentation  of  the  primary  combustor  remained  essential.'Ly 
the  same  as  that  described  previously  in  this  report.  The  additional  instru¬ 
mentation  for  the  augmentation  tests  concerned  the  air  facility,  air  heater 
and  the  secondary  combustor  proper.  A  schematic  diagram  of  the  facility 
installation  showing  the  significant  systems  and  control  valves  is  presented 
in  Figure  33*  Figure  3^  shows  how  the  combustor  was  mounted  direct-connect 
to  the  facility  air  heater.  '.Phe  combustor  was  mounted  vertically  under  the 
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air  heater.  Both  the  air  heater  and  test  item  were  suspended  from  the  thrust 
mount.  Cold  facility  air  was  routed  through  two  sections  of  horizontal  flex- 
hose  and  into  the  hydrogen-fueled  direct  vitiation  heater.  All  other  propellant 
and  instrumentation  lines  were  routed  in  such  a  manner  as  to  minimize  force 
components  when  pressurized.  To  establish  any  thrust  component  due  to  the 
hardware  plumbing,  a  flat  plate  was  put  over  the  secondary  combustor  exit  and 
the  test  item  was  pressurized.  A  plot  of  thrust  component  versus  chamber 
pressure  was  then  made.  At  a  chamber  pressure  of  250  psia,  a  negative  force 
of  about  20  pounds  was  generated.  The  thrust  readings  during  engine  operation 
were  then  corrected  by  the  appropriate  amount.  This  arrangement  permitted 
reliable  thrust  readings  during  the  air  augmentation  tests. 

(U)  Iterformance  of  the  afterburner  was  determined  primarily  from  flow 
rate  and  pressure  measurements.  Test  item  instrumentation  is  shown  in  Figure 
35*  Gross  thrust  readings  also  provided  a  check  on  performance.  The  follow¬ 
ing  measurements  were  recorded  for  determining  performance. 

Gross  Thrust  (thrust  transducer) 

Gas  Generator  Pressure  (pressure  transducer) 

Oxidizer  Flow  Rate  (turbine  flowmeter) 

Oxidizer  Injector  Pressure  (pressure  transducer) 

Boron  Slurry  Flow  Rate  (turbine  flowmeter  in  push  fluid) 

Boron  Slurry  Injector  Pressure  (pressure  transducer) 

Gas  Generator  Exhaust  Temperature  (thermocouple) 

Air  Flow  Rate  (venturi) 

Air  Temperature  (thermocouple  probes  before  and  after  heater) 

Air  Total  Pressure  (total  pressure  rake  in  one  inlet) 

Hydrogen  Flow  Rate  (venturi) 

Static  Pressure  in  Combustor  (multiple  taps  at  combustor  entrance 
and  nozzle) 

(u)  The  output  of  the  transducers  was  recorded  on  oscillograph  paper 
for  a  rapid  estimate  of  performance  and  on  magnetic  tape  for  subsequent  computer 
analysis  and  printout. 

(u)  A  photograph  of  the  air  augmentaition  setup  installed  in  the  test 
facility  is  shown  in  Figure  36.  The  afterburner  exhaust  shoots  downward  through 
a  hole  in  the  floor  and  into  an  elbow  that  ducts  the  exhaust  products  out  through 
the  side  of  the  hill.  The  exhaust  is  sprayed  with  water  to  cool  and  dilute  it 

before  it  is  exhausted  into  the  atmosphere. 
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C.  BXEERBEmL  TESTING 

(C)  Following  selection  of  the  promising  gas  generator  from  Hiase  I 
and  fabrication  of  necessary  Phase  II  hardware,  air  augmentation  tests  were 
initiated  with  the  afterburner  design  shown  as  Configuration  I  in  Figure  32. 

With  Configuration  I,  a  total  of  six  runs  were  made  using  CTF  under  conditions 
simulating  Mach  2.9  and  500  ft  altitude.  Of  these  six  runs,  five  yielded  after- 
burning  data.  The  afterburner  did  not  autoignite  during  Run  4,  precluding  the 
obtaining  of  data.  During  each  of  the  first  three  runs,  the  CTF  injector  tip 
burned  off  (due  to  improper  propellant  sequencing  during  startup)  which  resulted 
in  pressure  oscillations  in  the  afterburner.  Only  on  Run  3  were  the  oscilla¬ 
tions  so  great  as  to  preclude  use  of  the  data.  Modifying  the  propellant  sequen¬ 
cing  (increasing  the  oxidizer  lead)  on  Run  k  and  subsequent  runs  prevented 
further  oxidizer  injector  tip  damage  except  during  Run  13  where  the  injector 
tip  again  burned  off  later  in  the  run.  During  Run  6,  two  separate  test  points 
were  evaluated  to  investigate  performance  variation  during  the  run.  Thus  a 
total  of  five  test  points  covering  four  test  conditions  are  presented  for 
Configuration  I. 

(C)  Following  Run  6,  the  afterburner  configuration  was  changed  to  the 
backup  design  (Configuration  II)  and_ testing  was  continued.  Configuration  II 
demonstrated  improved  ignition  characteristics  and  higher  combustion  efficien¬ 
cies  and  therefore  was  used  for  the  remainder  of  the  program.  The  Phase  II 
test  summary  is  presented  as  Figure  37  and  as  is  indicated,  a  total  of  ik  test 
points  corresponding  to  13  distinct  test  conditions  were  obtained  with  Config¬ 
uration  II  with  CTF.  Following  the  CTF  tests,  the  oxidizer  was  switched  to 
BEF  and  data  for  an  additional  nine  test  conditions  were  obtained.  Figure  37 
also  shows  the  number  of  test  points  obtained  at  each  test  condition. 

(c)  Details  of  thr  specific  run  conditions  and  resultant  combustion 
efficiency  for  each  test  point  ai'e  presented  in  Table  V  for  the  CTF  runs  and 
in  Table  VI  for  the  BEF  runs.  As  shown,  three  different  combustion  efficiencies 
were  computed  for  each  point.  The  first  value  listed  the  efficiency  computed 
on  an  enthalpy  basis.  The  next  efficiency  was  computed  by  the  temperature  rise 
method  using  the  mix  mean  temperature  of  the  inlet  air  and  exhaust  products  from 
the  primary  rocket  as  the  starting  base.  The  last  method  is  the  temperature  • 
rise  method  using  the  inlet  air  temperature  as  the  base.  Details  of  the  data 
reduction  procedure  are  presented  in  Appendix  A.  As  is  evident  from  Tables  V 
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11B  II _ - _  20.4  0.205  0,187  42.2 _ 644  O.803  0.822  O.832 

12A  II _ 2.8  ^f0,000  31.1  0.178  0.135 _ 43.2 _ 1043  0.633  0.691  0.699 

12B  II _ 2.6  ,  37,000  29.2  0.174  0.134  43.3 _ 942  0.723  0.741  0.749 

12c  II  “  2.4  34,000  31.3  0.174  0.134  44.3  818  0.778  0.788  0.796 
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and  VI,  the  two  AT  methods  of  computing  efficiency  give  substantially  the  same 
result,  and  these  methods  compute  higher  efficiencies  than  the  enthalpy  method 
as  the  efficiency  departs  from  100^.  This  result  was  not  unexpected  and  is  a 
result  of  the  change  in  slope  of  temperature  with  enthalpy  as  may  he  seen  from 
Figure  38. 

(U)  Also  included  in  Tables  V  and  VI  is  a  ratio  of  experimental  thrust 
to  theoretical  thrust.  The  experimental  thrust  was  that  which  was  measured 
during  the  test,  and  the  theoretical  was  that  computed  on  the  basis  of  the 
derived  combustion  efficiencies.  The  good  agreement  between  the  measured  and 
computed  value  of  thrust  add  further  credence  to  the  computed  values  of  com¬ 
bustion  efficiency.  For  the  altitude  runs  where  flow  in  the  exhaust  nozzle 
was  separated,  the  measured  value  of  thrust  is  not  valid  and  therefore  no 
thrust  ratios  are  included  in  the  table.  Without  detailed  nozzle  instrumenta¬ 
tion,  correctiois  cannot  be  made  for  a  separated  nozzle.  All  testing  was  con¬ 
ducted  with  atmospheric  back  pressure,  so  it  was  expected  that  the  C-D  nozzle 
would  separate  under  simulated  altitude  conditions. 

(U)  Significant  combustion  efficiencj'-  data  are  plotted  in  curve  form 
and  discussed  in  the  next  section.  For  these  plots,  the  AT  efficiency  is  used 
since  it  is  most  commonly  used  within  applied  combustion  work. 

(C)  In  contrast  to  the  Phase  I  testing,  the  gas  generator  deposit  problem 
was  very  minimal  during  the  air  augmentation  tests.  Deposits  were  a  problem 
in  those  runs  where  the  oxidizer  injector  tip  burned  off  but  only  during  Runs 
8  and  9  any  deposit  buildup  occur  and  this  only  became  evident  at  the  end 
of  the  runs  of  12  and  36  seconds  respectively. 

(u)  During  Run  l4,  a  malfunction  in  the  oxidizer  system  (unknown  source 
of  restriction)  resulted  in  lower  than  planned  BIF  flow,  which  accounts  for 
the  very  low  o/f  ratios.  After  point  ikA,  the  exit  of  the  primary  unchoked 
and  resulted  in  some  pressure  oscillations  in  the  remainder  of  that  run. 

D.  DISCUSSIOM  OF  RESULTS 

(c)  1.  Ignition  and  Combustion  Performance 

One  of  the  secondary  objectives  of  the  program  was  to  determine 
the  autoignition  characteristics  of  the  afterburner.  Results  from  the  first 
six  runs  made  with  Configuration  I  showed  that  autoignition  of  the  after¬ 
burner  would  occur  at  lower  primary  o/f  ratios  when  the  oxidizer  injector 
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tip  was  burned  off  than  when  the  generator  was  operating  properly. 

For  example,  autoignition  occurred  at  an  O/F  ratio  of  0.1  during  Run  1 
but  not  at  0.1  during  Run  4  nor  at  0.145  during  Run  6.  It  is  believed 
that  the  poor  oxidizer/fuel  mixing  in  the  gas  generator  as  a  result  of 
injector  burnout  resulted  in  local  regions  of  high  O/F  ratios  (and  hi^ 
ten^jeratures)  which  acted  as  ignition  sources  in  the  afterburner.  Con¬ 
sidering  only  ignition  data  obtained  with  intact  hardware,  Figure  39  "'^as 
generated.  Spontaneous  ignition  of  the  afterburner  occurred  under  most 
of  the  conditions  tested.  In  only  a  few  instances  at  altitude  were  actual 
limits  established.  With  Configuration  I  under  sea  level  conditions, 
ignition  occurred  at  an  O/F  ratio  of  0.245  but  not  at  an  O/P  ratio  of 
0.l45.  Therefore  the  limit  for  that  configuration  must  lie  between  those 
two  values.  With  Configuration  II  under  sea  level  conditions,  ignition 
occurred  in  an  O/F  ratio  of  0.10  with  CTF  and  at  0.06  with  BFF.  Ignition 
may  have  been  possible  at  lower  O/F  ratios  but  no  ignition  attempts  were 
made.  The  air-to -propellant  ratio  for  all  sea  level  ignition  conditions 
was  40.  Under  altitude  conditions  with  Configuration  II  actual  limits 
were  established  by  gradually  increasing  the  O/F  ratio  until  ignition 
occurred.  At  an  air-to -propellant  ratio  of  20,  ignition  occurred  at  an 
O/F  ratio  of  0.157  with  BPF  and  0.19  with  CTF.  .  At  an  air-to-propellant 
ratio  of  30,  ignition  occurred  at  an  O/F  ratio  of  O.I65  with  CTF.  Al¬ 
though  the  ignition  limits  are  not  precisely  established  over  the  range 
of  test  conditions,  the  results  indicate  that  no  ignition  problems  should 
occur  in  application. 

(C)  It  was  demonstrated  during  Run  6  that  an  auxiliary  igniter 
could  be  used  to  ignite  the  afterburner  if  the  primary  O/F  ratio  was 
too  low  for  spontaneous  ignition.  During  Run  6  and  Configuration  I,  the 
afterburner  did  not  spontaneously  ignite  when  the  primary  O/F  ratio  was 
0.145.  A  slug  of  fluorine  was  injected  near  the  forvjard  end  of  the 
secondary  combustor.  This  ignited  the  afterburner  and  stable  burning 
continued  after  the  fluorine  was  shut  off. 

(C)  Combustion  efficiency  data  are  presented  in  Figures  40  through 
45 •  Figure  40  shows  the  performance  of  the  two  configurations  as  a 
function  of  O/F  ratio  for  low  altitude  conditions.  At  O/F  ratios  less 
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than  0.2,  Configuration  II  is  shown  to  be  capable  of  providing  combustion 
efficiencies  considerably  hi^er  than  those  of  Configuration  I.  The  de¬ 
gradation  in  perfonnance  of  Configuration  I  at  low  o/F  ratios  is  probably 
attributable  to  quenching  of  the  oxidation  reactions  by  the  very  rapid 
mixing  with  low  temperature  air.  In  contrast,  Configuration  II  provides 
for  a  relatively  low  velocity  zone  where  the  initial  oxidation  reactions 
can  occur  to  raise  the  mixture  temperature  sufficiently  to  prevent  quench¬ 
ing  at  the  region  where  the  mixing  becomes  vigorous .  Spontaneous  ignition 
was  always  achieved  with  Configuration  II,  and,  once  ignited,  the  O/F 
ratio  could  be  reduced  to  very  low  values,  Just  sufficient  to  disperse 
the  slurry,  without  a  radical  change  in  combustion  efficiency.  This  was 
demonstrated  in  Run  l4. 

(C)  As  is  evident  from  Figure  4o,  the  data  for  BPF  appear  to  lie 
on  a  logical  extension  of  the  CTF  data,  indicating  no  significant  difference 
between  the  two  oxidizers . 

(c)  The  conbustion  efficiency  as  a  function  of  air/propellant  ratio 
at  low  altitude  conditions  is  presented  in  Figure  4l.  At  the  higher  O/F 
ratios  there  is  a  definite  tendency  for  combustion  efficiency  to  increase 
with  air/propellant  ratio.  This  result  is  in  conflict  with  solid  pro¬ 
pellant  findings  from  tests  in  which  the  geometry  of  Configuration  I  was 
employed.  However,  it  is  consistent  with  some  ramjet  burner  experience. 
Ramjet  burners  can  be  tailored  to  produce  peak  efficiency  at  a  given  air/ 
propellant  ratio  within  certain  limits. 

(c)  Although  the  data  are  limited,  the  combustion  efficiency  trend 
with  air/propellant  ratio  at  high  altitude  conditions  appears  to  be  in 
the  opposite  direction  from  the  trend  at  low  altitude,  as  is  seen  in 
Figure  42.  The  reduction  in  efficiency  as  air /propellant  ratio  is  increased 
is  somewhat  exaggerated  by  the  O/F  ratio  change  noted  in  the  figure  (the 
higher  O/f  ratio  would  noimally  provide  the  higher  efficiency).  The 
bromine  pentafluoride  data  points  fall  in  the  same  vicj.nity  as  the  corre¬ 
sponding  test  points  for  CTF,  but  there  is  moderate  data  scatter.  Whereas 
one  would  expect  the  efficiency  to  increase  with  O/F  ratio  for  these 
points,  the  opposite  trend  was  observed.  This  reverse  trend  and  data 


-93- 

CONFIDENTIAL 


CONFIDENTIAL 


in 

o 

o 

vO 


o 

I- 

< 

cc 

I- 

z 


LU 

0. 

o 

0. 

q: 

< 


luaojsd  ^AON3IOIdd3  NOIlSOaiAlOO 


R-25,885 


-94- 

CONFIDENTIAL 


Figure  41 

AFTERBURNER  COMBUSTION  EFFICIENCY 
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scatter  for  the  BEP  data  probably  are  the  result  of  the  oxidizer  injector 
damage  that  occurred  during  Run  13. 

(C)  Figure  43  shows  the  effect  of  the  air  inlet  dump  Mach  number 
on  combustion  perfoimance.  At  low  altitude  conditions,  corresponding  to 
afterburner  press'jres  ranging  from  I50  psia  to  225  psia,  the  ccmbustion 
efficiency  is  seen  to  be  independent  of  dump  Mach  numbers  of  air  entering 
the  afterburner.  However,  at  altitude  conditions,  corresponding  to  the 
pressure  level  of  40  psia  to  50  psia,  the  efficiency  is  seen  to  decrease 
as  air  inlet  Mach  number  is  increased.  The  Mach  number  sensitivity  is 
greater  at  the  higher  air /propellant  ratio  presented.  The  BPF  data  points, 
corresponding  to  A/P  =  22,  are  approximately  in  the  proper  position,  with 
the  exception  of  the  one  point  atif)^^  =  73.4^  corresponding  to  Run  13C. 

The  CTF  data  are  consistent  with  the  exception  of  one  point  (square 
symbol  at  17^^  =  79^  corresponding  to  Run  lOB).  The  general  conclusions 
to  be  drawn  from  Figure  43  are  that  combustion  efficiency  is  insensitive 
to  the  air/exhaust  product  mixing  characteristics  at  higher  afterburner 
pressures,  but  becomes  quite  sensitive  at  low  afterburner  pressures. 

(C)  If  inlet  air  temperature  were  to  have  a  significant  effect  on 
combustion  efficiency,  the  trend  would  be  to  increase  efficiency  with  in¬ 
creasing  temperature .  This  trend  with  temperature  is  quite  pronounced 
in  ramjet  burners  where  cold  fuel  is  injected  and  the  air  temperature  aids 
in  vaporizing  the  hydrocarbon  carrier.  The  results  presented  in  Figure 
44  do  not  follow  this  trend  but  in  some  cases  show  the  reverse.  Conse¬ 
quently,  it  is  safe  to  conclude  that  the  observed  trends  are  not  a 
temperature  effect  but  rather  the  result  of  changes  in  some  other  parameter 
which  significantly  affects  combustion  efficiency.  The  decrease  in 
efficiency  with  inlet  air  temperature  for  the  low  pressure  data  is  found 
to  correspond  to  the  decrease  in  efficiency  with  inlet  air  Mach  number, 
as  presented  in  Figure  43.  The  conclusion  that  the .mixing  process 
strongly  affects  efficiency  at  low  .ccmbustion  pressure  is  therefore  re-  . 
inforced.  Any  temperature  effect,  if  it  exists,  must  be  small  compared 
to  other  influences  upon  combustion. 

(C)  It  may  be  significant  that  during  Runs  11  and  12,  where  these 
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Figure  43 

EFFECT  OF  INLET  AIR  MACH  NUMBER  UPON  AFTERBURNER  COMBUSTION  EFFICIENCY 
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Figure  44 

RELATIONSHIP  BETWEEN  COMBUSTION  EFFICIENCY  AND  INLET  AIR  TEMPERATURE 

FOR  CONFIGURATION  II 
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data  were  obtained,  the  run  sequence  was  from  the  high  temperature  con¬ 
dition  to  the  low  temperature  condition  without  shutting  off  the  after¬ 
burner.  It  is  believed  that  the  run  durations  were  long  enou^  to  reach 
steady  state,  but  the  high  temperature  of  the  hardware  may  have  contributed 
to  better  burning  at  the  lower  inlet  temperatures.  These  run  durations 
may  be  seen  from  Figure  A-1  in  Appendix  A. 

(C)  Figure  presents  the  effect  of  afterburner  pressure  upon  com¬ 
bustion  efficiency.  Although  these  data  cover  a  range  of  inlet  air  temper¬ 
atures,  it  was  concluded  from  Figure  44  that  efficiency  is  probably  insen¬ 
sitive  to  air  temperature.  Since  the  other  significant  parameters,  with 
the  exception  of  O/F  ratio,  were  well  controlled.  The  data  plot  substanti¬ 
ates  the  direct  effect  of  afterburner  pressure  upon  combustion  efficiency. 

In  this  plot  O/F  ratio  decreases  from  low  pressure  to  high  pressure,  so 
in  accordance  with  the  trends  of  Figure  40,  any  O/F  ratio  effect  which 
exists  would  be  expected  to  increase  the  slope  of  a  curve  plotted  at  a 
fixed  O/F  ratio.  The  effect  of  pressure  upon  combustion  efficiency  is 
thus  established  and  appears  significant.  This  trend  is  consistent  with 
the  ccmbustion  of  boron  slurry  in  ramjet  engines. 

(C)  From  Table  V,  it  is  evident  that  the  fixed  geometry  gas  generator 
used  possessed  considerable  throttling  capability.  Between  Runs  10  and  12, 
the  total  propellant  flow  rate  varied  over  a  range  slightly  greater  than 
6:1.  Intermediate  flow  rates  were  obtained  during  Runs  T  and  9*  This 
throttling  capability  was  demonstrated  at  a  primary  o/F  ratio  less  than  0.2. 
Although  the  o/f  ratio  varied  slightly,  from  about  0.13  to  O.IT,  it  could 
have  been  held  constant.  From  Figure  28,  it  is  evident  that  the  primary 
chamber  pressure  during  Run  12  was  on  the  order  of  100-120  psia  and  during 
Run  10  was  about  800  psia.  This  approximately  7:1  pressure  variation  could 
be  used  to  advantage  for  control  purposes  if  desired.  Demonstration  of  this 
throttling  capability  provides  further  evidence  of  the  applicability  of  the 
Bipropellant  Gas  Generator  Concept  for  air  augmentation  applications  where 
both  low  and  high  altitude  operation  are  required. 

(c)  In  Figure  46  is  plotted  the  total  pressure  recovery  achieved  in 
dumping  the  supply  air  from  the  inlet  ducts  into  the  afterburner  as  a 
function  of  the  inlet  air  Mach  number.  The  total  pressure  of  the  supply 
air  (Prpj^)  was  taken  to  be  the  average  of  three  total  pressure  probes 
spanning  one  inlet  air  duct.  The  afterburner  total  pressure  was  derived 
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Figure  45 

EFFECT  OF  AFTERBURNER  PRESSURE  UPON  COMBUSTION  EFFICIENCY 
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from  static  pressure  measurements  in  the  afterburner.  The  pressure  re¬ 
coveries  achieved  with  Configuration  II  exceed  0.90  in  all  cases.  Con¬ 
figuration  I  appears  to  exhibit  a  slightly  lower  pressure  recoveiy, 

2.  Hardware  Durability 

(C)  Foiar  gas  generator  chambers  were  required  for  the  air  aug¬ 

mentation  test  series.  Their  utilization  is  presented  in  Table  VII  to¬ 
gether  with  the  nozzle  throat  erosion  experienced  by  each.  Figure  k'J 
shows  Primary  Chamber  No.  II  after  the  I60  second  duration  firing  (Run 
12 ) .  Although  the  graphite  had  cracked,  it  was  still  in  good  operating 
condition  and  was  used  again  for  Run  l4. 

(C)  The  silver  infiltrated  tungsten  target,  against  which  the 
sonic  efflux  of  the  gas  generator  impinged.,  experienced  no  appreciable 
deterioration  in  the  399  seconds  of  run  time  accumulated  on  it.  Originally 
the  tungsten  target  had  a  flat  face,  but  after  Run  3,  the  leading  edge  was 
rounded  to  prevent  deposit  buildup  on  it.  After  it  was  rounded,  the 
accumulated  run  time  was  370  seconds.  Figure  48  is  a  postrun  photograph 
showing  the  leading  edge  of  the  target  mounted  in  the  gas  generator  ex¬ 
haust  tube. 

(C)  The  post  run  condition  of  the  afterburner  combustor  hardware 
after  nearly  400  seconds  of  run  time  is  evident  from  the  photographs  of 
Figures  49,  50  and  51*  The  air  inlet  section,  shown  in  Figure  49,  exper¬ 
ienced  considerable  erosion  of  the  ^  inch  thick  P-I50  ceramic  coating  just 
downstream  of  the  inlet  ducts.  Q?he  upstream  portion  of  the  air  inlet 
section  was  in  excellent  condition.  The  front  end  insulator  was  unaffected 
around  the  periphery,  but  was  badly  eroded  in  the  region  surrounding  the 
gas  generator  exhaust  injection  port.  Figure  50  shows  that  the  main 
portion  of  the  combustor  survived  in  excellent  condition,  except  for  some 
erosion  adjacent  to  the  air  inlet  section.  Figure  51  shows  the  nozzle 
entrance  section  as  it  appeared  after  Run  l4.  This  nozzle  was  employed 
throughout  the  test  series.  The  0.010-inch  thick  RM-OO5  silicon  carbide 
coating  on  the  graphite  nozzle  was  completely  satisfactory,  withstanding 
the  combustion  conditions  as  well  as  the  mechanical  cleaning  of  deposits 
from  the  nozzle  throat  between  runs.  The  overall  durability  of  the  air 
augmentation  hardxirare  was  excellent. 
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from  static  pressure  measurements  in  the  afterburner.  The  pressure  re¬ 
coveries  achieved  with  Configuration  II  exceed  O.90  in  all  cases.  Con¬ 
figuration  I  appears  to  exhibit  a  slightly  lower  pressure  recovery. 

2.  Hardware  Durability 

(C)  Pour  gas  generator  chambers  were  required  for  the  air  aug¬ 

mentation  test  series.  Their  utilization  is  presented  in  Table  VII  to- 
gethe'.’  with  the  nozzle  throat  erosion  experienced  by  each.  Pigure  k'J 
shows  Primaiy  Chamber  Wo.  II  afi^er  the  160  second  duration  liring  (Run 
12).  Although  the  graphite  had  cracked,  it  was  still  in  good  operating 
condition  and  was  used  again  for  Run  14. 

(c)  The  silver  infiltrated  uungsten  target,  against  which  the 
sonic  efflux  of  the  gas  generator  impinged,  experienced  no  appreciable 
deterioration  in  the  399  seconds  of  run  tiiae  accumulated  on  it.  Originally 
the  tungsten  target  had  a  flat  face,  but  after  Run  3,  the  leading  edge  was 
rounded  to  prevent  deposit  buildup  on  it.  After  it  was  rounded,  the 
accumulated  run  time  was  3T0  seconds.  Figure  48  is  a  postrun  photograph 
showing  the  leading  edge  of  the  target  mounted  in  the  gas  generator  ex¬ 
haust  tube. 

(C)  The  post  run  condition  of  the  afterburner  combustor  hardware 
after  nearly  400  seconds  of  run  time  is  evident  from  the  photographs  of 
Figures  49^  50  and  51*  The  air  inlet  section,  sho^'n  in  Figure  49,  exper¬ 
ienced  considerable  erosion  of  the  inch  thick  P-I50  ceramic  coating  just 
downstream  of  the  inlet  ducts.  The  upstream  portion  of  the  air  inlet 
section  was  in  excellent  condition.  The  *ront  end  insulator  was -unaffected 
around  the  periphery,  but  was  badly  eroded  in  the  region  surrounding  t]xe 
gas  generator  exhaust  injection  port.  Figure  50  shows  that  the  main 
portion  of  the  combustor  survived  in  excellent  condition,  except  for  some 
erosion  adjacent  to  the  air  inlet  section.  Figure  51  shows  the  nozzle 
entrance  section  as  it  appeared  after  Run  l4.  This  nozzle  was  employed 
throughout  the  test  series.  The  0.010-inch  thick  RM-OO5  silicon  carbide 
coating  on  the  graphite  nozzle  was  completely  satisfactory,  withstanding 
the  combustion  conditions  as  well  as  the  mechanical  cleaning  of  deposits 
from  the  nozzle  throat  between  runs.  The  overall  dui’ability  of  the  air 
augmentation  hardware  was  excellent. 
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a]!ABIiE  VII 


Throat  Erosion  in  Gas  Generator  Chambers 


Primary  Runs 
Chamber 


Run  Duration  (sec.) 


Total  Propellant 
Flow  (lb) 


Final  Throat  kreaj 
Initial  Throat  Area 


I 

1  to  3 

29 

l4.4 

1.2 

II 

4  to  9 

94 

50.7 

1.54 

III 

10  to  12 

190 

55.4 

1.32 

14 

36 

15.5 

1.11 

IV 

13 

50 

9.0 

1.13 

399 
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R-25,904 
Neg.  T6053-7 


Figure  47 

GAS  GENERATOR  EXIT  AFTER  LONG  DURATION  RUN 
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Figure  49 

AIR  AUGMENTATION  TEST  HARDWARE -AIR  INLET  SECTION 


R -25, 888 
Neg.  T6053-4 


Figure  50 


AIR  AUG/VIENTATION  TEST  HARDWARE  -  COMBUSTOR 
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R -25, 887  Figure  51 

Neg.  T6053-5 


AIR  AUGMENTATION  TEST  HARDWARE  -  THROAT  SECTION 
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VI 

CONCLUSIONS 


A.  GAS  GENERATOR 

(C)  As  a  result  of  both  Phase  I  and  Phase  II  testing,  the  following  con- 
clustions  can  be  drawn: 

(1)  The  internal  geometry  of  a  primary  gas  generator  for  air  augmenta¬ 
tion  applications  is  critical,  when  using  boron  slurry  fuels  and  interhalogen 
oxidizers,  and  significantly  affects  deposit  buildup  and  erosion  characteris¬ 
tics.  Complicated  flow  passages,  corners  and  sudden  changes  in  flow  area  should 
be  avoided.  A  simple  straight-through  passage  is  best  when  used  in  conjunction 
with  the  proper  propellant  injector  design. 

(2)  Deposit  buildup  within  the  gas  generator  must  be  a  major  consider¬ 
ation  and  becomes  worse  with  increasing  O/P  ratio  (in  the  range  from  0.1  to 
0.5)  and/or  increasing  chamber  pressure. 

(3)  Analyses  of  deposits  in  the  gas  generator  show  that  the  deposit 
is  a  mixture  of  B^C,  subcarbides  of  boron,  sintered  boron  and  unburned  boron. 

(4)  Propellant  injector  design  also  is  critical  for  the  proper  opera¬ 
tion  of  a  gas  generator  and  designs  that  produce  large  areas  of  contact  between 
the  fuel  and  oxidizer  work  better  and  produce  more  uniform  conditions  within 
the  gas  generator  than  impinging  streams  which  depend  upon  particle  kinetics 
for  mixing. 

(5)  Erosion  of  graphite  parts  in  the  primary  gas  generator  can  be  a 
problem  but  a  thin  coating  of  silicon  carbide  can  effectively  minimize  or 
eliminate  this  problem. 

(6)  MARNAF  731  was  hypergolic  with  either  CTF  or  BPF  under  all  condi¬ 
tions,  even  at  O/F  ratios  as  low  as  O.O6. 
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(T)  Thfe  propellant  starting  sequence  was  fairly  critical  in  the 
final  gas  generator  design.  Any  delay  between  fuel  injection  and  oxidizer 
injection  would  result  in  damage  to  the  oxidizer  injector  tip. 

(8)  A  slight  oxidizer  lead  in  the  starting  sequence,  allows  the  gas 
generator  to  operate  effectively  over  a  wide  O/F  ratio  range.  Under  the 
subject  program,  the  o/F  ratio  tested  with  the  final  design  ranged  from  0.002 
to  0.25.  (On  a  TMC  in-house  program,  the  same  design  was  operated  at  o/F 
ratios  up  to  1.0.) 

(9)  If  multiple  gas  generators  are  used,  provisions  must  be  made  in 
the  propellant  feed  system  to  prevent  feedback  between  gas  generators. 

(10)  Use  of  a  target  is  an  effective  method  of  reducing  the  sonic 
exhaust  stream  from  the  primary  to  subsonic  velocities.  Impingement  on  the 
target  may  also  help  break  up  large  particles  and  disperse  the  gas  generator 
exhaust  products. 

(11)  Silver  impregnated  tungsten  is  an  excellent  target  material  and 
readily  withstands  gas  generator  exhaust  temperature  and  erosive  properties. 

(12)  Gas  generator  test  results  indicate  that  at  low  O/f  ratios  the 
combustion  process  in  the  primary  more  closely  follows  a  nonequilibrium 
kinetics  model  and  indicates  significant  evaporation  of  the  hydrocarbon 
carrier  in  the  boron  slurry  fuel. 

(13)  Gas  sampling  data  indicated  that  significant  amounts  of  hydrogen 
and  methane  were  formed  in  the  primary  and  that  these  species  along  with  the 
vaporized  triraethyhexane  should  readily  burn  in  the  secondary  combustor  and 
raise  the  local  temperature  sufficiently  high  to  ignite  the  boron  particles. 

(14)  Experimental  results  indicate  that  a  throttling  capability  of 
at  least  6:1  can  readily  be  achieved  with  a  fixed  geometry  bipropellant  gas 
generator. 

B.  AIR  AUGMENTATION 

(G)  As  a  result  of  the  Phase  II  tests,  the  following  conclusions  can 
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(1)  A  piloting  and  recirculation  zone  in  the  forward  end  of  the 
secondary  combustor  promotes  ignition  and  permits  very  high  afterburner 
combustion  efficiencies  at  low  primary  O/F  ratios. 

(2)  Based  upon  oscillograph  traces,  it  appears  that  ignition  in 
Configuration  I  takes  place  near  the  aft  end  of  the  combustor,  and  a  finite 
time  was  required  for  the  chamber  pressure  to  rise  after  the  primary  exhaust 
products  were  introduced  into  the  chamber.  Ignition  occurs  in  the  recircu¬ 
lation  zone  of  Configuration  II  and  the  pressure  rises  immediately  upon 
propellant  introduction. 

(3)  Chlorine  trifluoride  and  bromine  pentafluoride  produce  essen¬ 
tially  the  same  general  combustion  characteristics,  and  limited  data  indicate 
that  BPF  promotes  autoignition  in  the  afterburner  at  slightly  lower  O/F  ratios. 

(4)  Afterburner  autoignition  could  readily  be  achieved  with  Config¬ 
uration  II  and  CTF  at  O/F  ratios  as  low  as  0.10  at  low  altitudes  and  above 
0.18  at  40,000  feet  altitude.  Slightly  less  BPF  was  required  for  the  same 
conditions . 

(5)  With  both  afterburner  geometries,  combustion  could  be  maintained 

at  lower  O/F  ratios  than  were  required  for  autoignition.  With  Configui’ation 
II  and  BPF,  839^  achieved  at  low  altitude  with  an  O/F  ratio  as  low  as 

0.002. 

(6)  Under  low  altitude  conditions,  combustion  efficiencies  above 
90^  were  demonstrated  at  O/F  ratios  as  low  as  0.07  at  an  air-to-propellant 
ratio  of  40  with  Configuration  II  and  efficiencies  above  85^  were  demonstrated 
at  O/F  ratios  above  0.15  with  Configuration  I. 

(7)  With  both  configurations,  afcerburner  combustion  efficiency 
increased  with  increasing  O/F  ratios. 
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(8)  As  anticipated,  combustion  efficiency  decreased  with  increasing 
altitude.  At  40,000  feet  simulated  altitude,  a  combustion  efficiency  of  80^ 
was  achieved  at  an  O/F  ratio  of  0.20  and  an  air-to-propellant  ratio  of  20. 

(9)  Although  not  fully  understood,  combustion  efficiency  increased 
with  increasing  air-to-propellant  ratio  at  low  altitudes  but  decreased  with 
increasing  air-to-propellanb  ratio  at  altitude. 

(10)  Inlet  air  temperature  appeared  to  have  less  effect  upon  combustion 
efficiency  than  did  air  inlet  Mach  number  or  chamber  pressure. 

(11)  Combustor  dump  pressure  recovery  above  90^  can  be  achieved. 

(12)  Excellent  hardware  durability  was  demonstrated  with  the  air  aug¬ 
mentation  hardware.  Some  erosion  of  the  aluminum  oxide  insulator  occurred 

in  localized  areas,  but  this  did  not  delay  testing  or  require  repairing. 

(13)  The  advantages  of  MARNAF  731  and  CTF  (or  BPF)  have  been  demonstrated 
for  air  augmentation  applications.  The  potential  mission  flexibility  offered 

by  this  propellant  combination  should  make  it  a  leading  contender  for  ducted 
rocket  applications. 

(14)  Based  upon  the  work  accomplished  under  this  program,  design  cri¬ 
teria  for  the  bipropellant  gas  generator  -  air  augmented  combustor  has  been 
established  and  sufficient  data  exist  to  permit  realistic  application  studies 
of  this  concept  for  Air  Force  missile  applications. 
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VII 

RECOMMENDATIONS 

(U)  As  a  result  of  the  performance  demonstrated  on  this  program  and  because 
of  the  potential -of  this  bipropellant  liquid  system,  it  is  recommended  that 
additional  work  be  conducted  to: 

(1)  Explore  and  determine  combustion  performance  at  higher  giltitudes 
for  various  O/F  ratios. 

(2)  Better  establish  and  document  ignition  limits  both  at  sea  level 
and  altitude  conditions. 

(3)  Develop  full  scale  flight  weight  hardware. 

(4)  .Conduct  full  scale  air  augmentation  tests  to  further  the 
technology  of  the  system. 

(U)  Because  of  the  performance  and  flexibility  offered  by  this  system,  it 
is  recommended  that  the  bipropellant  system  for  ducted  rockets  be  considered 
for  future  Air  Force  missile  applications. 
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ABEENDIX  A 

DATA  REDUCTION  TECHNIQUE 

(U)  Afterburning  runs  ranged  in  length  from  7  seconds  to  l60  seconds.  During 
a  number  of  runs  several  test  conditions  were  achieved  by  chaiiging  air  flow, 
air  temperature  or  oxidizer  flow.  In  order  to  avoid  any  arbitrariness  in  selec¬ 
tion  of  those  portions  of  the  run  which  were  to  be  utilized  in  performance 
evaluation,  wherever  possible,  steady  data  at  the  end  of  each  test  condition 
were  selected.  The  selected  data  reduction  regions,  as  a  function  of  run  time, 
are  shown  in  Figure  52  for  all  runs  that  yielded  good  data. 

(U)  The  selected  intervals  ranged  from  0.8  to  1.3  seconds  in  width  except 
for  Runs  1  and  2  which  were  0.64.  The  intervals  correspond  in  general  to  steady 
conditions  of  afterburner  pressure,  inlet  air  temperature,  O/F  ratio,  propell¬ 
ant  flow  rate,  air  flow  rate  and  thrust.  In  instances  where  one  or  more  of  the 
aforementioned  quantities  were  varying,  the  interval  was  selected  as  close  to 
the  end  of  the  run  condition  as  feasible.  Such  applies  to  Runs  8,  13B  and  13E. 

In  Run  8  pressure  was  varying  at  the  end  of  the  run;  in  Run  13B  O/F  ratio  was 
increasing;  and  in  Run  13E  there  was  an  unexplainable  drop  in  thrust  near  the 
end. 

(U)  The  vacant  intervals  between  test  conditions  within  a  given  run  corres¬ 
pond  to  the  transition  period.  The  total  run  durations  may  exceed  the  maximum 
time  indicated  in  Figure  11.  Run  12,  for  example,  was  continued  for  an  addi¬ 
tional  126  seconds. 

(u)  The  pressure,  temperature  and  flow  rate  data,  as  provided  by  the  digital 
printout  at  approximately  four  data  points  per  second,  were  averaged  over  the 
selected  interval  to  provide  the  input  for  computer  evaluation  of  performance. 

The  reference  afterburner  throat  area  for  a  given  set  of  input  data  corresponded 
to  that  represented  by  a  linear  growth  of  nozzle  throat  deposits  with  time,  as 
determined  by  throat  measurements  before  and  after  the  runs. 

(u)  Following  selection  of  the  desired  data,  performance  calculations  were 
made  on  the  IBM  36o/40  computer.  An  effective  temperature  is  defined  as  that 
which  will  pass  the  measured  weight  flow  per  unit  area  through  the  nozzle  throat 
with  isentropic  expansion  from  the  measured  chamber  pressure  to  the  throat.  At 
a  temperature  less  than  ideal,  the  density  will  be  greater  than  ideal,  and  the 
throat  mass  velocity  will  be  greater  than  ideal.  The  Marquardt  rocket  performance 
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Figure  52 

DATA  SAMPLING  INTERVALS  IN  AIR  AUGMENTATION  RUNS 
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program  has  an  input  option  to  reduce  the  assigned  charaher  temperature  below 
the  ideal  value  until  the  computed  throat  mass  velocity  equals  the  measured 
quantity.  The  corresponding  enthalpy  (at  chemical  equilibriimi)  is  taken  as 
the  effective  enthalpy  in  the  chamber.  Since  all  component  weight  flows  and 
also  the  chamber  pressure  are  measured  quantities,  the  "rocket  performance" 
program  applies  in  this  context  for  ramjet  combustor  performance. 

(u)  The  most  significant  measure  of  combustion  efficiency  is  the  enthalpy 
difference  ratio,  because  one  is  basically  interested  in  interpreting  what 
effective  loss  of  heat  corresponds  to  the  effective  suppression  of  combustor 
temperature  below  the  ideal  value.  To  compute  this  combustion  efficiency,  an 
ideal  enthalpy  of  fully  reacted  material  is  required,  as  well  as  the  enthalpy 
of  unreacted  material.  This  calls  for  computation  of  an  equivalent  mixing 
temperature  of  "unreacted"  material.  In  the  afterburning  sense,  "unreacted" 
material  means  gas  generator  products  unreacted  with  the  air  stream  into 
which  they  are  being  mixed.  The  enthalpy  difference  ratio  is  then  the  differ¬ 
ence  between  the  effective  enthalpy  (at  the  effective  chamber  temperature) 
and  the  enthalpy  of  equilibrium  products  at  the  mixing  temperature  divided 
by  the  difference  between  the  ideal  enthalpy  and  the  same  enthalpy  of  equili¬ 
brium  products  at  the  mixing  temperatvire  (see  Equation  1  below). 

(u)  The  equivalent  mixing  temperature  is  computed  on  a  semi-equilibrium 
basis.  Those  chemical  species  are  precluded  which  represent  interaction 
between  streams,  while  those  are  allowed  which  represent  dissociative  equili¬ 
brium  within  a  stream.  The  situation  is  made  more  complex  by  vitiation  pre¬ 
heating  of  the  air  flow,  or  by  the  presence  of  oxide  impurity  in  the  fuel. 
However,  the  difficulties  can  be  surmounted  by  the  use  of  close  approximations. 
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(U)  The  first  step  was  the  computation  of  preheater  performance.  This 
was  assumed  to  be  ideal  on  the  basis  of  95^  of  the  measured  hydrogen  fuel  flow. 
Since  the  outlet  temperature  was  below  the  dissociation  regime,  performance 
was  computed  on  the  basis  of  stoichiometric  conversion  of  H2  to  H2O)  and  the 
preheater  outlet  temperature  was  determined  from  an  enthalpy  balance.  The  pre¬ 
heater  efflux  was  next  taken  as  pure  air  at  this  temperature,  for  the, mixing 
temperature  calculation.  The  gas  generator  fuel  was  taken  as  without  oxide 
impurity  (with  due  regard  for  the  influence  of  this  assumption  on  the  equiva¬ 
lent  heat  of  formation)  for  the  mixing  temperature  calculation.  Thus,  there 
were  no  necessary  oxidation  species  in  the  mixing  temperature  calculation,  only 
B/C/H/Cl/f  or  B/C/H/Br/F  species  and  pure  air  species.  Based  on  the  enthalpies 
of  the  preheater  equivalent  air,  the  gas  generator  fuel  (without  oxide  impurity), 
and  the  oxidizer,  an  enthalpy  balance  with  semi-equilibrium  yielded  the  equiva¬ 
lent  mixing  temperature.  (For  the  test  data  reduced,  this  generally  fell  with¬ 
in  about  100°R  of  the  measured  preheater  outlet  temperature.) 

(U)  After  the  equivalent  mixing  temperature  was  thus  established,  the 
enthalpy  of  fully  reacted  products  was  computed  from  a  complete  equilibrium 
calculation  at  this  temperature.  For  this,  the  various  flows  were  exactly 
described  chemically,  i.e.,  with  oxide  impurity  in  the  slurry  fuel  accounted 
for,  and  with  vitiation  in  the  preheater  accounted  for. 

(U)  Also  required  was  the  ideal  enthalpy  of  the  weighted  flows  as  exactly 
described  chemically.  This  was  computed  as  the  sum  of  the  products  of  the 
weight  fraction  times  the  assigned  enthalpy  of  the  component.  For  the  slurry 
fuel  ingredients  and  the  oxidizer,  these  assigned  enthalpies  were  simple  tabular 
values;  for  air  and  hydrogen  they  were  functions  of  temperature. 
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(U)  The  enthalpy  difference  ratio  was  calculated  as: 


H  —H 

effective  prod.  Tmix 


^ideal  ^prod,  Bnix 


(U)  At  the  ideal  enthalpy  an  ideal  equilibrium  temperature  was  calculated, 
providing  the  basis  for  calculation  of  the  temperature  difference  ratio: 


T  .  -T  . 

effective  mix 

T  -  T 

ideal  mix 


(U)  An  air  temperature  rise  ratio  was  also » calculated : 


T  -T 

effective  mix 

T  -  T 

ideal  mix 


(U)  For  a  small  perturbation  of  operating  conditions,  corresponding  to  a 
small  perturbation  of  effective  chamber  temperature,  the  thermodynamic  proper¬ 
ties  of  the  fluid  between  chamber  and  exhaust  nozzle  throat  can  be  considered 
nearly  constant.  Thus,  with  a  solution  which  matches  chamber  and  throat,  one 
can  extract  an  effective  Mach  number/specific  heat  ratio  function  as  an  opera¬ 
tor  between  chamber  temperature  and  flow  parameters.  Then  this  function  can 
be  employed  to  estimate  the  change  in  effective  chamber  temperature  associated 
with  a  given  net  change  in  the  combination  of  flow  parameters.  By  solving  for 
equilibrium  enthalpy  at  this  displaced  temperature,  the  effect  upon  of  an 
assigned  net  error  in  the  flow  paorameters  can  be  established.  This  is  a  simple 
first  approximation,  since  the  matching  of  chamber  temperature  to  throat  condi¬ 
tions  is  not  iterated  for  a  second  time.  For  a  net  error  of  -2^  in  C*,  equiva¬ 
lent  to  -k%  at  T,  triad  values  of  were  computed.  Grossly  speaking,  a  net 
error  of  in  C*  resulted  in  an  error  of  about  jf8^  in  at  high  amd 

■>c%  at  low  ■’?  .  accuracy  of  the  experimentad  data  was  judged  to  be  approxi- 

— •  AH 

mately  +2^  at  a  level  of  confidence  of  three  staindard  deviations. 
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(U)  On  the  attached  flow  diagram,  Figure  53  ,  output  values  A, 
are  required  for  Equation  (1),  D.  E,  and  F  for  Equation  (2),  and  D, 
for  Equation  (3);  G  is  used  for  T  .  . 
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APPENDIX  B 

DESCRIPTION  AND  PROPERTIES  OF  MARNAF  731 


I .  Fuel  Description 

(C)  MARNAF  731  is  a  high  concentration  boron  slurry  fuel  that  is 

well  suited  for  voliane-limited,  airbreathing  propulsion  system  applications. 
The  fuel  is  manufactured  by  The  Marquardt  Corporation*.  The  composition 
of  MARNAF  731  is  as  follows: 

Component  Percentage  (by  weight) 

90-9256  purity  amorphous  boron  73*0 

2 ; 2 , 5  tr imethylhexane  22.75 

Ge Plant  3 ‘65 

Processing  inerts**  0.6 

The  boron  used  in  the  production  of  MARNAF  731  is  the  9O-9256  pure  commercial 
grade  amorphous  boron  supplied  by  American  Potash  and  Chemical  Company  (Trona) 
The  carrier  fluid,  2,2,5  trimethylhexane  (TMH),  is  955^  pure,  technical  grade. 
The  TMH  used  Is  purchased  from  Phillips  Petroleum  Company.  The  gellant  used 
serves  both  as  a  wetting  and  a  gelling  agent.  It  is  classified  as  an  ash¬ 
less  organic  gellant. 

(C)  The  heating  value  is  computed  herein  for  a  735^  boron  (2,2,5  ■tri¬ 

methylhexane)  slurry  fuel  in  which  the  commerical  boron  is  assumed  to  contain 
9156  of  elemental  boron.  The  following  table  gives  both  the  basis  and  the 
results  of  the  computation: 

*  MARNAF  731  is  no  longer  in  production.  It  has  been  replaced  by  MARNAF 
732  which  is  a  very  similar*  product  that  has  improved  low  temperature 
flow  properties. 

**  Extrinsically  introduced  during  blending. 
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Gravimetric  Heating  Value  Heat  of  Heating  Heat 

Formation  Value  Contribution 
Slurry  Fuel  Component  Concentration  Btu/lb  Btu/ lb  Btu/ lb _ 


(1) 

90-92^  amorphous 
boron  (taken  as  91/^ 
elemental  boron  and 

9/6  crystalline  B_0_, 

73.0056 

-707 

22981 

16776 

(2) 

2,2,5  trimethylhexane 

22.65 

-1000 

18991 

4301 

(3) 

Gelling  agent 

3.65 

15750 

575 

(4) 

Processing  inerts 

0.60 

-  0  - 

-  0  - 

TOTAL 

21652*  Btu/lb 

*Neglects  contribution  due  to  magnesium  impurity. 

(c)  The  density  of  the  73^  boron  (TMH)  slurry  fuel  is  taken  as  92.08 

Ibs/cu  ft  at  25°C.  Hence  the  volumetric  heating  value  equals 

21,652  Btu/lb  X  92.08  lbs/  cu  ft  =  1.994  X  10  Btu/cu  ft 
(C)  The  above  volumetric  heating  value  is  considered  to  be  minimal, 

for  it  neglects  any  contribution  from  magnesium  (total  magnesium  being 
present  as  4  to  5^  of  the  90-925^  amorphous  boron).  A  large  portion  of  this 
total  magnesium  may  be  present  as  magnesium  borides  or  as  elemental  magnesium 
in  the  commercial  boron  product;  and  therefore,  the  magnesium  can  be  expected 
to  make  a  minor  contribution  to  the  heating  value. 

(C)  In  the  instance  of  the  above  boron  (Tf4H)  slurry  fuel,  an  undoubted¬ 

ly  maximal  heating  value  should  result  from  the  assumption  that  hj)  of  ele¬ 
mental  magnesium  is  present  in  the  boron  (i.e.,  the  assumption  that  the 
90-925^  amorphous  boron  contains  91/^  elemental  boron  plus  4^  elemental  magne¬ 
sium,  plus  5^  crystalline  BgO^).  On  this  basis,  the  assigned  heating  value 
of  the  commercial  boron  becomes  23,409  Btu/lb;  and  accordingly,  the  volumetric 
heating  value  of  the  boron  (TMH)  slurry  fuel  becomes  2.023  x  10°  Btu/cu  ft 

for  purposes  of  evaluation  of  engine  performance. 
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(c)  On  the  basis  of  the  above  high  and  low  estimates,  a  'Ijest 

estimate"  volumetric  heating  value  for  the  fuel  is  suggested  as  2^01  x 
10  Btu/cu  ft  for  purposes  of  evaluation  of  engine  performance. 

II.  Fuel  Properties 

(c)  For  convenience,  important  properites  of  MARNAF  731  are  tabulated 

below: 

Heating  value  (Best  Estimates) 

Gravimetric  -  21,800  Btu/lb 
Volumetric  -  2.01  x  10^  Btu/ft^ 

Density  -  1.475  g/cm^ 

Viscosity  (see  Figure  54) 

Vapor  pressure*  -  The  vapor  pressure  is  essentially  identical 

to  that  of  the  carrier  2,2,5  trimethyl- 
hexane.  Intrapped  air  may  cause  the 
pressure  in  a  sealed  container  to  rise  a 
few  psi  above  the  normal  vapor  pressure 
of  the  carrier  but  there  is  no  danger  of 
pressure  buildup  due  to  gas  evolution. 
Stability  *  -  MARNAF  731  has  been  subjected  to  prolonged 

storage,  temperature  cycling  and  vibration 
tests  and  the  results  indicate  a  very 
stable  product. 

Safety  *  -  MARNAF-  fuels  will  not  detonate  and  toxi¬ 

city  is  equivalent  to  TMH. 

*Reference  6  contains  results  of  qualification  tests  on  MARNAF ‘fuels . 
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III.  Handling  Characteristics 

(U)  Because  MAENAF  731  is  a  high  concentration  slurry  fuel,  any 

significant  carrier  evaporation  will  affect  flow  properties.  Reasonable 
care  must  be  exercised  to  prevent  carrier  evaporation  during  loading  and 
transfer  operations,  especially  on  a  very  hot  day.  Exposure  to  air  for 
more  than  a  few  seconds  will  cause  a  skin  to  form  which  could  result  in 
plugging  of  small  injector  orifices. 

(u)  During  storage,  precautions  must  be  taken  to  ensure  that  the 

storage  container  ic-  sealed  to  prevent  evaporation  of  carrier. 
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ciencies  with  small  scale  hardware.  This  report  describes  the  development 
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secondary  combustor  performance  and  presents  results  that  demonstrate  that 
the  bipropellant  gas  generator  concept,  when  using  MARNAF  731  and  CTF  (or  BIF), 
is  a  very  promising  system  for  future  ducted  rocket  applications. 
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